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Abstract 
Bananas (Musa sp) are one of the most important food crops in the world 
and provide a staple food and source of income in many households especially in 
Africa. Diseases are a major constraint to production with bunchy top, caused by 
Banana bunchy top virus (BBTV) generally considered the most important virus 
disease of bananas worldwide. Of the fungal diseases, Fusarium wilt, caused by the 
Fusarium oxysporum f.sp cubense (Foc), and black Sigatoka, caused by 
Mycosphaerella fijiensis, are arguably two of the most important and cause 
significant yield losses. The low fertility of commercially important banana cultivars 
has hampered efforts to generate disease resistance using conventional breeding. 
Possible alternative strategies to generate or increase disease resistance are 
through genetic engineering or by manipulation of the innate plant defence 
mechanisms, namely systemic acquired resistance (SAR). The first research 
component of this thesis describes attempts to generate BBTV-resistant banana 
plants using a genetic modification approach. The second research component of 
the thesis focused on the identification of a potential marker gene associated with 
SAR in banana plants and a comparison of the expression levels of the marker gene 
in response to biotic and abiotic stresses, and chemical inducers.  
Previous research at QUT CTCB showed that replication of BBTV DNA 
components in banana embryogenic cell suspensions (ECS) was abolished following 
co-bombardment with 1.1mers of mutated BBTV DNA-R. BBTV DNA-R encodes the 
master replication protein (Rep) and is the only viral protein essential for BBTV 
replication. In this study, ECS of banana were stably transformed with the same 
constructs, each containing a different mutation in BBTV DNA-R, namely H41G, 
Y79F and K187M, to examine the effect on virus replication in stably transformed 
plants. Cells were also transformed with a construct containing a native BBTV Rep. 
A total of 16, 16, 11 and five lines of stably transformed banana plants containing 
the Y79F, H41G, K187M and native Rep constructs, respectively, were generated. Of 
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these, up to nine replicates from Y79F lines, four H41G lines, seven K187M lines and 
three native Rep lines were inoculated with BBTV by exposure to viruliferous aphids 
in two separate experiments. At least one replicate from each of the nine Y79F lines 
developed typical bunchy top symptoms and all tested positive for BBTV using PCR. 
Of the four H41G lines tested, at least one replicate from three of the lines showed 
symptoms of bunchy top and tested positive using PCR. However, none of the five 
replicates of one H41G line (H41G-3) developed symptoms of bunchy top and none 
of the plants tested positive for BBTV using PCR. Of the seven K187M lines, at least 
one replicate of all lines except one (K187M-1) developed symptoms of bunchy top 
and tested positive for BBTV. Importantly, none of the four replicates of line 
K187M-1 showed symptoms or tested positive for BBTV. At least one replicate from 
each of the three native Rep lines developed symptoms and tested positive for 
BBTV. The H41G-3 and K187M-1 lines possibly represent the first transgenic banana 
plants generated using a mutated Rep strategy. 
The second research component of this thesis focused on the identification 
of SAR-associated genes in banana and their expression levels in response to biotic 
and abiotic stresses and chemical inducers. The impetus for this research was the 
observation that tissue-cultured (TC) banana plants were more susceptible to 
Fusarium wilt disease (and possibly bunchy top disease) than plants grown from 
field-derived suckers, possibly due to decreased levels of SAR gene expression in 
the former. In this study, the pathogenesis-related protein 1 (PR-1) gene was 
identified as a potential marker for SAR gene expression in banana. A quantitative 
real-time PCR assay was developed and optimised in order to determine the 
expression of PR-1, with polyubiquitin (Ubi-1) found to be the most suitable 
reference gene to enable relative quantification. The levels of PR-1 expression were 
subsequently compared in Lady Finger and Cavendish (cv. Williams) banana plants 
grown under three different environmental conditions, namely in the field, the 
glass house and in tissue-culture. PR-1 was shown to be expressed in both cultivars 
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growing under different conditions. While PR-1 expression was highest in the field 
grown bananas and lowest in the TC bananas in Lady Finger cultivar, this was not 
the case in the Cavendish cultivar with glass house plants exhibiting the lowest PR-1 
expression compared with tissue culture and field grown plants. The important 
outcomes of this work were the establishment of a qPCR-based assay to monitor 
PR-1 expression levels in banana and a preliminary assessment of the baseline PR-1 
expression levels in two banana cultivars under three different growing conditions.  
After establishing the baseline PR-1 expression levels in Cavendish bananas, 
a study was done to determine whether PR-1 levels could be increased in these 
plants by exposure to known banana pathogens and non-pathogens, and a known 
chemical inducer of SAR. Cavendish banana plants were exposed to pathogenic Foc 
subtropical race 4 (FocSR4) and non-pathogenic Foc race 1 (Foc1), as well as two 
putative inducers of resistance, Fusarium lycopersici (Fol) and the chemical, 
acibenzolar-S-methyl (BION®). Tissue culture bananas were acclimatised under 
either glass house (TCS) or field (TCH) conditions and treatments were carried out 
in a randomised complete block design. PR-1 expression was determined using 
qPCR for both TCS and TCH samples for the period 12-72h post-exposure. 
Treatment of TCH plants using Foc1 and FocSR4 resulted in 120 and 80 times higher 
PR-1 expression than baseline levels, respectively. For TCS plants treated with Foc1, 
PR-1 expression was 30 times higher than baseline levels at 12h post-exposure, 
while TCS plants treated with FocSR4 showed the highest PR-1 expression (20 times 
higher than baseline levels) at 72h post-exposure. Interestingly, when TCS plants 
were treated with Fol there was a marked increase of PR-1 expression at 12 h and 
48 h following treatment which was 4 and 8 times higher than the levels observed 
when TCS plants were treated with Foc1 and FocSR4, respectively. In contrast, 
when TCH plants were treated with Fol only a slight increase in PR-1 expression was 
observed at 12 h, which eventually returned to baseline levels. Exposure of both 
TCS and TCH plants to BION® resulted in no effect on PR-1 expression levels at any 
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time-point. The major outcome of the SAR study was that the glass house 
acclimatised tissue culture bananas exhibited lower PR-1 gene expression 
compared to field acclimatised tissue culture plants and the identification of Fol as 
a good candidate for SAR induction in banana plants exhibiting low PR-1 levels. 
A number of outcomes that foster understanding of both pathogen-derived 
and plant innate resistance strategies in order to potentially improve banana 
resistance to diseases were explored in this study and include identification of 
potential inducers of systemic acquired resistance and a promising mutated Rep 
approach for BBTV resistance. The work presented in this thesis is the first report 
on the generation of potential BBTV resistant bananas using the mutated Rep 
approach. In addition, this is the first report on the status of SAR in banana grown 
under different conditions of exposure to the biotic and abiotic environment. 
Further, a robust qPCR assay for the study of gene expression using banana leaf 
samples was developed and a potential inducer of SAR in tissue culture bananas 
identified which could be harnessed to increase resistance in tissue culture 
bananas. 
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Chapter One  
 
1 Literature Review 
 
1.1 Bananas 
 
Bananas are among the world’s most important food crops, ranked tenth in 
agricultural production, with an annual worldwide production of about 137 million 
metric tonnes valued at approximately $40 billion (FAO, 2010; CGIAR, 2012). 
However, only 10% of this production is traded on the world market. In Africa and 
Latin America, 90% of banana fruit is consumed locally and constitutes an 
important staple food source for 400 million people, with more than 70 million in 
Africa alone (Sharrock and Frison, 1998; Ploetz, 2006; CGIAR, 2012). Approximately 
1.23 million ha of bananas are planted in Africa with an annual yield of 10.3 million 
MT (FAOSTAT, 2012) with Sub-Saharan Africa (SSA) production being about 35% of 
the world’s bananas and plantains (FAOSTAT, 2012). This is of particular importance 
to countries in East Africa (EA), where average consumption can be up to 200 kg per 
capita (CGIAR, 2012). However, banana productivity in SSA has been on a steady 
decline since the 1970s due to a combination of disease and pest damage as well as 
low soil fertility (Karamura et al., 1999; CGIAR, 2012). 
Banana belongs to the genus Musa of the family Musaceae in the order 
Zingiberales. The genus Musa has about 40 species divided into five sections; 
Eumusa, Rhodochlamys, Australimusa, Callimusa and the Ingentimusa. Worldwide, 
there are well over 1000 banana cultivars (Pollefeys et al., 2004). The majority of 
the cultivated bananas are derived from inter- and intraspecific crosses of two 
diploid wild species, Musa acuminata and Musa balbisiana (Simmonds and 
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Shepherd, 1955). All the edible cultivated bananas are thought to have been 
selected by farmers as naturally occurring region-specific hybrids (Simmonds and 
Shepherd, 1955). Although reports about the origins of edible bananas are often 
contradictory in the literature, almost all of the edible banana cultivars that are 
known arose from two seeded, diploid species, Musa acuminata Colla and M. 
balbisiana Colla. They are either diploid, triploid or tetraploid hybrids among 
subspecies of M. acuminata, or inter-specific hybrids between M. acuminata and 
M. balbisiana. Musa fehi Bert is another edible species with two members whose 
genome is not classified (Valmayor et al., 2000). Conventionally, the haploid 
contributions of the respective species to the cultivars are noted with an A 
(acuminata) and B (balbisiana). For example, the Cavendish cultivars that are the 
mainstay of the export trade are pure triploid acuminata and, thus, AAA, while 
another popular cultivar, Lady Finger, is an inter-specific hybrid AAB. Bioversity 
International maintains a germplasm resource collection in Leuven, Belgium which 
aims to conserve the available genetic variability in banana and plantain for future 
use, under the auspices of the Food and Agriculture Organization of the United 
Nations (FAO). Most cultivated bananas are sterile, parthenocarpic triploids with 
low levels of female fertility. The inability to set seed and a narrow genetic base are 
all constraints on genetic improvement (Ortiz et al., 1995a). Additionally, consumer 
and producer preferences complicate progress in releasing improved cultivars. 
Consumers have a narrow preference of fruit presentation and taste, while 
producers require equivalent agronomic performance, ripening characteristics and 
shelf life to current market standards. These difficulties highlight why a small group 
of commercial cultivars for the export market have remained in production for a 
relatively long period (Bioversity, 2007). 
Natural landraces are still the predominant cultivated bananas despite the 
efforts of plant breeders over the past 90 years, although some progress in plant 
improvement has been made mostly in the area of disease resistance (Ploetz, 1994; 
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Ploetz, 2006). Breeders in the Caribbean and Honduras incorporated resistance to 
Black sigatoka (Mycosphaerella fijiensis) and Fusarium wilt (Fusarium oxysporum 
fsp. cubense) into cultivated triploids, although no agronomically acceptable 
cultivars were produced. Modern efforts remain focused on the development of 
disease resistance through crossing to wild relatives, and the selection of 
acceptable cultivars from current germplasm collections, conducted by two 
international groups; Promusa and the International Musa Testing Program (IMTP) 
(Bioversity, 2007). Genetic modification offers an opportunity to circumvent the 
traditional roadblocks to genetic improvement by conventional breeding (Jones, 
2000). Characterised genes from banana, or other organisms, can be introduced 
using biolistics or Agrobacterium-mediated transformation processes (Becker et al., 
2000; Khanna et al., 2004). Stably transformed plants created using these processes 
are attractive alternatives for pest and disease control as well as improved nutrition 
through bio-fortification of banana making it a nutritious staple with minimal 
production costs for the resource poor farmers. 
1.1.1 Bananas in East Africa 
 
East Africa (EA) is generally considered to include Kenya, Uganda, Tanzania, 
Rwanda and Burundi. The eastern region of Democratic Republic of Congo is also 
included when describing the area known as the East African highlands (EAH). This 
region is located along the western border of the Rift Valley and comprises a system 
of plateaus, mountain valleys and lakes. Around 17% of the worlds banana 
production occurs in the EAH, principally for local consumption and trade (Davies, 
1995). In contrast to plantation style production in Central and South America and 
the Philippines, where large volumes of dessert bananas are produced for export, 
banana cultivation in EA includes a broad range of cooking, dessert and beverage 
banana varieties, predominantly grown by small landholders and subsistence 
farmers (AATF, 2003). Personal varietal preference and cultural associations have 
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driven a highly diverse collection of introduced and locally selected banana varieties 
collectively known as East African Highland Bananas –EAHB (Karamura et al., 1999). 
There are around 120 EAHB varieties in Uganda alone that are not found anywhere 
else in the world (CGIAR, 2012). East Africa is the largest banana-producing and 
consuming region in Africa with production being mainly by smallholder farmers 
who grow bananas primarily for food while selling any surplus to neighbours and 
the local market (Wambugu and Kiome, 2001). Exports are negligible at present and 
growing urban markets contribute to the importance of the crop as a source of cash 
for the resource poor farmers (CGIAR, 2012). 
Bananas cultivated in Africa are diploid and triploid genetic combinations of 
“A” and “B” genomes. They are grouped into three categories, including East 
African (mainly dessert) bananas (AA, AAA, ABB, and AB), the African plantain 
bananas (AAB) grown mainly in central and west Africa, and the East African 
Highland Banana (AAA), for cooking and beer preparation. The highlands of east 
Africa are an important centre of diversity of cooking bananas 
(//www.africancrops.net/rockefeller/crops/banana/index.htm). Bananas and 
plantains serve as important food crops in much of Africa and they provide more 
than 25% of carbohydrate needs of over 70 million people on the continent. In East 
Africa, the production of the East African Highland cooking banana (Musa spp., 
AAA-EA group) has been principally by resource-poor, small-holder farmers on 
stands of <0.5 ha, although commercial farms exceeding 20 ha are also present in 
the region (Gold et al., 1998; Gold and Messiaen, 2000). The EAHB has traditionally 
been a primary staple food and an important cash crop in the Eastern African 
highlands (Burundi, Kenya, Rwanda, Tanzania, Uganda, and The DRC) (AATF, 2003). 
Since the fruit is available fresh throughout the year, banana has become an 
important food security crop in the region and in addition to provision of dietary 
needs, other banana plant parts have a diverse use in the region and virtually all 
parts of the banana are used (AATF, 2003).  
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1.2 Tissue culture as a tool for banana propagation and movement of 
germplasm 
 
Bananas are propagated vegetatively either through suckers or using 
rhizome pieces, or more recently through plant tissue culture (micro-propagation). 
The use of suckers or rhizome pieces for propagation has inherent disadvantages in 
that diseases are readily transmitted from one farm to the other, especially in the 
case of small-holder farmers who exchange planting material ‘over the fence’ 
(Wambugu and Kiome, 2001; Macharia et al., 2010). Control of banana diseases can 
be achieved through the cultivation of resistant cultivars or implementation of 
national quarantine measures (Jones, 2000). These approaches generally work well 
in commercial banana growing environments such as Australia but are far less 
effective in developing countries where infrastructure is less established and farmer 
resources and education programs limit successful control programs. However, 
banana plantlets derived from tissue culture can provide a source of high quality, 
pest and disease free planting material for distribution to farmers in both 
subsistence and commercial situations reducing the spread of banana pests and 
diseases and consequently increasing productivity and incomes. In addition, they 
have a higher establishment rate producing a more uniform crop (Israeli and 
Reuveni, 1995; Singh et al., 2011).  
International movement of germplasm presents the risk of introduction of 
pests and diseases along with the host plant. The technical guidelines for the 
movement of Musa recommend in vitro tissue culture plantlets as the most suitable 
for international movement of banana (Ploetz, 1994). However, it has been 
established that micro-propagated bananas are more susceptible to the fungal 
pathogen Fusarium oxysporum f. sp cubense (Foc) Race 4, than conventionally 
propagated bananas early after planting (Smith et al., 1998). These bananas were 
significantly more susceptible to Foc Race 4 than plants derived from suckers and 
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had increased susceptibility to Fusarium wilt irrespective of planting times, cultivar, 
or whether the suckers had first been established in containers or planted directly 
in the field. Similarly, there is anecdotal evidence that micro-propagated bananas 
are more susceptible to Banana bunchy top virus (BBTV) infection than those 
planted from suckers (Prof James Dale, pers comm.).  
1.3 Pests and diseases of banana 
 
Banana production worldwide is adversely affected by a range of bacterial, 
fungal and viral diseases as well as pests. The banana weevil (Cosmopolites 
sordidus) is the most important insect pest in East Africa contributing to the decline 
and disappearance of some cooking bananas and plantains in this region but has 
been found to be unimportant in Cavendish plantations (Gold and Messiaen, 2000; 
Viljoen, 2010). Plant parasitic nematodes are widespread and the most damaging 
pests of all banana varieties causing severe crop losses in commercial Cavendish 
plantations as well as seriously limiting productivity where non-export and cooking 
bananas are grown (Gowen and Queneherve, 1990; Viljoen, 2010). The principal 
species of the banana nematodes are Radopholus similis (burrowing), Pratylenchus 
goodeyi (lesion), Helicotylenchus multicinctus (spiral), Meloidogyne spp (root-knot 
nematode) and Rotylenchulus renifromis. Heavy nematode infestation affects plant 
vigour resulting in smaller bunches shorter fingers, and subsequently lower yields 
(Karamura et al., 1999).  
1.4 Fungal diseases of banana 
There are many fungal pathogens that are a threat to the banana plant with 
the most economically important fungal disease of the foliage being black leaf 
streak (BLS), commonly referred to as Black Sigatoka and caused by the fungus 
Mycosphaerella fijiensis (Carlier et al., 2000). The earliest report of black leaf streak 
in Africa was in Zambia in 1974 (Raemaekers, 1975) where the infected bananas 
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had symptoms resembling black leaf streak, but its identity could not be confirmed 
from specimens sent to the UK for positive identification (Dabek and Waller, 1990). 
BLS is therefore believed to have been introduced into Africa in two separate 
events; the first in 1978 through Gabon and the second in 1987 through Pemba 
Island in Tanzania. Distribution of BLS has not been established in Africa but 
unconfirmed reports indicate that it occurs in SSA except in South Africa (Carlier et 
al., 2000). Other fungal leaf diseases, like leaf spots, speckles, freckles and rusts, 
although less damaging than BLS, are still important in banana production. 
The genus Fusarium contains a large number of plant pathogenic species of 
special relevance to tropical crops (Waller and Brayford, 1990). The species F. 
oxysporum exists as a number of pathogenic special forms (formae speciales) which 
cause vascular wilts of particular host plant genera. In addition, some species of 
Fusarium are common soil-borne saprophytes as well as secondary invaders of 
damaged plant root systems. Fusarium wilt, also known as Panama disease, is one 
of the most destructive diseases of banana. It is caused by the root, corm, and 
pseudostem-infecting fungus Fusarium oxysporum f.sp. cubense. By 1960, Fusarium 
wilt had destroyed an estimated 40,000 ha of Gros Michel (AAA), causing the export 
oriented production areas of Central America to replace it with clones of a single 
variety in the Cavendish subgroup (AAA) (Ploetz and Pegg, 1997). The selection of 
clones from within the Cavendish subgroup provides limited resistance to this 
disease due to the narrow (low) genetic base. As these selections are not the result 
of breeding programs which may have provided broader resistance, these widely 
propagated cultivars are now threatened by new pathogenic variants of Foc and 
other diseases (Thomas et al., 1994). In East Africa, Fusarium wilt Race 1 and 2 do 
not affect East African Highland Bananas (EAHB) and plantains but are severe on 
dessert and beer bananas in Central, Eastern, and Southern Africa (Tushemereirwe 
and Bagabe, 1998). It is only a matter of time before Race 4 of this pathogen, which 
poses a significant threat to banana production, is introduced to this production 
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region from South Africa where it has been identified and characterised (Viljoen, 
2002, 2010). 
1.5 Bacterial diseases of banana 
 
Most bacterial diseases of banana and plantains can be grouped into 
vascular infections caused by Ralstonia solanacearum and related organisms; and 
diseases caused by soft rotting Pectobaceria (formerly Erwinia) species. The most 
important bacterial disease of banana is Moko disease, caused by strains of R. 
Solanacearum. It is thought to have evolved in South America. Banana production 
in EA is threatened by the presence of a new devastating bacterial disease, banana 
Xanthomonas wilt (BXW), caused by Xanthomonas vasicola pv. musacearum 
(formerly Xanthomonas campestris pv. musacearum). The disease has been 
identified in Uganda, Eastern Democratic Republic of Congo, Rwanda, Tanzania 
(Biruma et al., 2007) and recently Kenya (Jesca Mbaka - pers. comm.). Plants 
become infected either by insect transmission through the inflorescence, soil-borne 
bacterial inoculum through the lower parts of the plant and use of infected tools 
(Biruma et al., 2007). 
1.6 Viruses of banana 
Several viruses are known to cause diseases in banana with Banana bunchy 
top virus (BBTV) being the most important (Table 1-1). The distribution of each virus 
varies, with Badnaviruses and Cucumber mosaic virus (CMV) probably worldwide in 
distribution. BBTV has been detected in all banana growing regions outside the 
Americas while Banana bract mosaic virus (BBrMV) is currently thought to be 
limited to South East Asia. Banana mild mosaic virus (BanMMV) and Banana virus X 
(BVX) are not known to be present in Africa, but have as yet undetermined 
geographic distributions (Jones, 2002). Abaca mosaic virus causes mosaic disease in 
a relative of edible bananas, Musa textilis - a fibre crop. This virus can be 
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experimentally transmitted to edible bananas and has only been detected in the 
Philippines. 
There are few reports of viruses affecting banana production in EA. BBTV is 
reported from Burundi, (Dale, 1994), Rwanda, Malawi, Angola, Gabon, DRC and 
Cameroon (Kumar et al., 2009). Banana streak is widespread in Uganda (Harper et 
al., 2004), and Kenya (Karanja et al., 2008). It is likely that banana streak occurs in 
the other countries in EA although its occurrence is unconfirmed at present. CMV is 
recorded in banana in Kenya (Anne Wangai, pers. comm.), but not in other East 
African countries, although the widespread distribution of CMV in other hosts 
means that CMV is likely to be present in most banana growing areas (Lockhart and 
Jones 2000). Bract mosaic, mild mosaic and BVX have not been reported from EA. 
Banana streak is the only virus disease of banana that has been researched to a 
reasonable extent in EA, mostly in Uganda.  
1.7 The family Nanoviridae 
Nanoviruses are a group of plant viruses whose genome consists of multiple 
circular single-stranded DNA (ssDNA) molecules (Chu and Helms, 1988; Harding et 
al., 1991; Katul et al., 1997; Sano et al., 1998). There are two assigned and one 
unassigned genera in this family (Table 1.2). 
Each of these genomes contains a putative stem loop structure in the non-
coding region consisting of a conserved nonanucleotide sequence which serves as 
the origin of replication (Sano et al., 1998; Timchenko et al., 1999). The Babuvirus 
genus has six ssDNA components in the genome with two unidirectionally 
transcribed ORFs in DNA-R while the Nanovirus genus has eight or more 
monocistronic ssDNA components (Association of Applied Biologists, 2012). 
The genomes of plant ssDNA viruses do not contain coding sequences for 
polymerases and therefore their replication is driven by the interaction between a 
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viral replication associated protein i.e. Rep and the host plant polymerases. 
Replication in nanoviruses is directed by the replication initiation protein, otherwise 
known as the Rep. There are differences between nanovirus species with respect to 
the number of genome components encoding the Rep homologues. Three of the 
ssDNA components in FBNYV and SCSV encode proteins showing homology to Rep 
(Katul et al., 1998; Timchenko et al., 2000), five in MDV (Sano et al., 1998) and only 
a single ssDNA component encoding a complete Rep protein in BBTV (Burns et al., 
1995; Horser et al., 2001), and although additional Rep encoding DNAs have been 
identified in some BBTV isolates, their role in replication has not been established 
(Horser et al., 2001). 
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Table 1-1: Geographical distribution of viruses infecting Musa spp worldwide (Jones, 2002) 
 
Disease Causal Virus Distribution Distribution in Sub-Saharan Africa 
Abaca Mosaic Abaca mosaic potyvirus Asia (The Philippines) Not reported 
Banana Bract Mosaic Banana bract mosaic potyvirus Asia (The Philippines, India, 
Sri Lanka) 
Not reported 
Banana Bunchy Top Banana bunchy top virus 
(Babuvirus) 
Africa, Asia, Australia and 
Pacific islands 
Burundi, Central African Republic, 
Congo, Egypt, Gabon, Rwanda, 
Malawi and DRC 
Banana Mosaic Cucumber mosaic virus 
(Cucumovirus) 
All continents All over the continent especially 
where cucurbits are cultivated 
Banana Streak Banana Streak viruses 
(Badnavirus) 
Europe, Africa, Asia and 
Oceania 
Widely distributed in East, Central, 
West and Southern Africa 
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Table 1-2: The family Nanoviridae and the representative genera (Gronenborn, 2004)  
 
Family Genus Species Type member 
Nanoviridae Nanovirus Faba bean necrotic yellows virus (FBNYV) 
Faba bean necrotic yellows stunt virus (FBNYSV) 
Milk vetch dwarf virus (MVDV) 
Pea necrotic yellows virus (PNYV) 
Subterranean clover stunt virus (SCSV) 
 
Subterranean clover stunt virus 
(SCSV) 
Nanoviridae Babuvirus Banana bunchy top virus (BBTV) 
Abaca bunchy top virus (ABTV) 
Cardamom bushy dwarf virus (CdBDV)/ Cardamom clump 
virus 
 
Banana bunchy top virus 
(BBTV) 
Nanoviridae Unassigned genus Coconut foliar decay virus (CFDV) Coconut foliar decay virus 
(CFDV) 
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1.7.1 Banana Bunchy Top Virus 
 
Banana bunchy top disease is currently considered the greatest and most destructive 
viral disease of banana (Dale, 1994; Thomas, 2008) and due to its destructive potential to 
the banana industry, the Invasive Species Specialist Group of the International Union for the 
Conservation of Nature identified BBTV as one of the World’s Worst Invasive Alien Species 
(Lowe et al., 2000). In addition, BBTV has also been included by the International Plant 
Protection Convention (IPPC, 2010) as a pathogen subject to rigorous quarantine. BBTV was 
first recorded in Fiji in 1879 and has since spread to a number of countries in the Asia-Pacific 
region and Africa. This disease is caused by BBTV (Harding et al., 1991; Thomas and 
Dietzgen, 1991) the type member of the genus Babuvirus in the family Nanoviridae. BBTV is 
transmitted between plants by the banana aphid Pentalonia nigronervosa (Coquerel) in a 
persistent, circulative, non-replicative manner. The aphid vector acquires the virus after at 
least four but usually about 18 hours of feeding on an infected plant (Hu et al., 1996). 
Nymphs of this aphid are more efficient vectors than adults and the aphid can retain the 
virus through its adult life for a period of 15–20 days. During this time, the aphid can 
transmit the virus to a healthy banana plant by feeding on it, possibly for as little as 15 
minutes but more typically for about two hours. Disease symptoms usually appear about a 
month after infection (Robson et al., 2007; Hooks et al., 2009). 
Symptoms of bunchy top include a narrow upright appearance of the plant apex, 
stunting, leaf chlorosis, rosetting and dark green streaks on the petioles, midribs and leaf 
veins (Figure 1-1) (Thomas, 2008). Infected plants produce no fruit, or a reduced bunch with 
no market value (Hooks et al., 2009). 
In Australia, sustainable control of BBTV has been achieved through expensive, 
labour intensive strict phytosanitary protocols. The lack of proper plant quarantine 
strategies or phytosanitary protocols in EA results in unchecked movement of germplasm 
from one country to another thereby exacerbating the spread of banana diseases. The 
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presence of BBTV in one country would likely lead to rapid spread of BBTV through banana 
growing regions and to neighbouring countries resulting in devastation of the regions’ 
banana industry. This situation poses a significant risk to food security and livelihoods in 
these countries. Presently, no banana cultivar has been shown to be resistant to BBTV and 
since bananas are parthenocarpic hybrids with very low fertility, conventional breeding is 
not a viable option in generation of BBTV resistant commercial cultivars. Molecular 
strategies are now considered the most promising methods of developing BBTV resistant 
banana (Dale, 1994). 
1.7.2 Genome Organisation of Banana Bunchy Top Virus 
 
Six circular ssDNA molecules of approximately 1 kb in length have been associated 
with all geographical isolates of BBTV. Each ssDNA contains one ORF except DNA-R which 
contains two ORFs (Burns et al., 1995; Gronenborn, 2004; Vetten et al., 2005). The roles of 
the gene products derived from DNA-R, -S, -M, -C, and -N (Burns et al., 1995; Noris et al., 
1996; Wanitchakorn et al., 1997; Hafner et al., 1997a; Wanitchakorn et al., 2000; 
Gronenborn, 2004) have been elucidated, while that of U3 still has not been established. All 
the ssDNA components have a similar organisation with two conserved regions designated 
as the major common region (CR-M) and the stem-loop common region (CR-SL) (Burns et 
al., 1995). There is a putative stem-loop structure located within the CR-SL which includes a 
highly conserved nonanucleotide sequence (5’TANTATTAC 3’). This sequence is conserved in 
both the nanoviruses (Hafner et al., 1997b) and the geminiviruses (Laufs et al., 1995) and 
has been shown to be part of the viral origin of replication (Gutierrez, 2002). 
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Figure 1-1: Symptoms of BBTD a) yellow leaf margins b) dark green streaks on petioles and c) stunted bunched plant with 
no market value. 
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*Sizes denote the BBTV Australian isolate  
Table 1-3: The proteins encoded by the integral genome components of BBTV (Harding et al., 1993; Wanitchakorn et al., 1997; 
Wanitchakorn et al., 2000; Horser et al., 2001). 
 
Name *Size of DNA 
component (bp) 
ORF Size (bp) Function of encoded protein Protein size (kDa) 
DNA-R 1111 861 Replication initiation protein (REP) 33.6 
126 Unknown function (U5) 5 
DNA-U3 1060 251 Unknown function (U3) 10 
DNA-S 1075 525 Capsid/coat protein (CP) 20 
DNA-M 1043 351 Movement protein (MP) 14 
DNA-C 1018 483 Cell-cycle link protein(Clink) 19 
DNA-N 1089 462 Nuclear shuttle protein (NSP) 17 
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1.7.3 The ssDNA Virus Encoded Replication Protein (Rep) 
 
In the geminiviruses, the Rep protein is the only viral gene product that has been 
shown to be essential in their replication (Laufs et al., 1995a). This multifunctional protein is 
implicated in regulation of host gene expression by interaction with host proteins involved 
in developmental and cell cycle regulation (Settlage et al., 2001; Shepherd et al., 2009). Rep 
is also thought to play an integral role in virus transcription regulation as well as initiation 
and termination of virus replication (Shepherd et al., 2009). It has a sequence and structure-
specific DNA cleavage and ligation activity (Heyraud-Nitschke et al., 1995) that has also been 
demonstrated as DNA cleavage and nucleotidyl transfer activity for the Rep proteins of 
BBTV and FBNYV in vitro (Hafner et al., 1997b; Timchenko et al., 1999). The Rep encoded by 
the BBTV DNA–R is believed to be the master replication protein (M-Rep) since it initiates its 
replication as well as that of the other five cssDNA in the BBTV genome (Horser et al., 2001). 
It is the best characterised protein of BBTV (Hafner et al., 1997a) and a multifunctional 
protein that has a rolling circle replication (RCR) domain at the N terminus and an ATPase 
domain at the C terminus (Fig 1.2). The RCR domain consists of 3 motifs with functions 
similar to those of TYLCV Rep and include; initiation and termination of rolling circle 
replication by nicking and re-ligating the viral origin of replication (Heyraud-Nitschke et al., 
1995); repression of its own gene transcription (Lucioli et al., 2003), and interaction with 
host cell factors to interfere with cell cycle control and DNA replication in infected cells 
(Orozco et al., 1997). This is postulated to occur through the base stacking of the stem loop 
sequence via a conserved phenylalanine residue, coordination of the divalent metal ions via 
histidine residues and cleavage and ligation at the loop sequence through a catalytic 
tyrosine (Laufs et al., 1995c). 
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Figure 1-2: Diagrammatic representation of the conserved regions in the Rep encoded DNA-R. The functions of Motif I and II 
are unknown although Motif II contains two histidine residues that are thought to bind magnesium and manganese ions. 
Motif III contains a catalytic tyrosine which participates in the phosphodiester bond cleavage and ligation to the 5’ terminus 
exposed by nicking and ligation activity (This diagram is not drawn to scale) (Prof Rob Harding, pers. comm.). 
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1.7.4 The Rolling Circle Replication Strategy of BBTV 
The genome of DNA viruses enters the nucleus and utilizes host enzymes to produce 
mRNAs suitable for translation. Geminiviruses modulate the host cell cycle and exploit host 
DNA polymerases in the nucleus, where they replicate via a rolling-circle mechanism. The 
model for geminivirus Rep protein action during the rolling circle replication was proposed 
by Laufs et al, (1995c). During this process, the Rep protein binds to the intergenic (IR) 
region sequences of the double stranded replicative DNA in a specific manner inducing local 
melting of the hairpin at the origin of replication. Following the hairpin extrusion, the Rep 
cleaves the plus strand within the nonamer sequence liberating a 3’ hydroxyl group of 
nucleotide +7 (thymidine) which becomes available for plus strand DNA synthesis. The 5’ 
end of the cleaved strand is subsequently linked to the Rep protein and displaced. Release 
of a circular single-stranded DNA molecule of unit length is a result of the joining reaction 
between the newly synthesized 3’ hydroxyl group and the 5’ end attached to Rep protein 
through an energy conserving ester bond to a consensus tyrosine (Laufs et al., 1995b). 
Production of double stranded DNA (dsDNA) and ssDNA forms upon FBNYV replication in 
Nicotiana benthamiana cells as well as the biochemical properties of nanovirus replication 
associated (Rep) proteins suggest that nanoviruses also replicate via a rolling-circle 
mechanism (Timchenko et al., 1999; Gronenborn, 2004). 
1.8 Resistance strategies to ssDNA viruses  
Genetic engineering offers a means of conferring virus resistance traits into existing 
crops for which conventional breeding has not delivered robust resistance. Transgenes 
conferring resistance can be based on the pathogen derived resistance (PDR) proposed by 
(Sanford and Johnston, 1985), or rely on antiviral genes from other sources which can be 
introduced into plants (Prins et al., 2008). Pathogen derived resistance is, however, the 
most commonly used approach for transgenic viral resistance (Shepherd et al., 2009), and 
relies on the expression of specific viral genes in a host which disrupt the normal balance of 
viral components and interfere with the virus lifecycle. The mode of operation of this 
resistance was thought to be through the expression of the viral proteins either at 
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inappropriate times, amounts or form during the infection cycle therefore interfering with 
the ability of the virus to sustain an infection (Lomonossoff, 1995). Strategies based on PDR 
include coat protein mediated resistance or protection (CPMP), expression of a coding 
region embedded in the replicase, use of antisense RNAs which are complementary to the 
plus or minus sense template of the virus or use of satellite RNAs (satRNAs) that are thought 
to overwhelm the viral RNA replicase and thereby suppress events required for systemic 
movement of the virus. Currently, a number these transgenic approaches have been carried 
out using geminivirus sequences (Shepherd et al., 2009). Breeding for resistance to 
geminiviruses is constrained by lack of geminivirus resistance genes in wild relatives, rapid 
introgression of resistance into susceptible cultivars and inadequate development of 
dominant molecular markers linking with pathogen resistance. This has resulted to variable 
levels of geminivirus resistance in plants using both conventional breeding and genetic 
engineering (Lapidot and Friedmann, 2002). 
 
1.8.1 Rep protein-mediated resistance  
 
Most of the studies on Rep–mediated resistance have focused on geminiviruses 
where plants are transformed with full-length or partial geminivirus sequences (Table1.4) 
(Lucioli et al., 2003). When Rep genes are introduced into the plants, resistance is often 
shown against the virus from which the Rep gene has been derived. For example, a 
truncated Tomato yellow leaf curl Sardinia virus (TYLCSV) Rep protein has been shown to 
inhibit virus replication and confer resistance to the virus in transgenic Nicotiana 
benthamiana (Noris et al., 1996) and tomato (Lycopersicon esculentum) plants (Brunetti et 
al., 1997). This TYLCSV Rep was a dominant negative mutant which inhibited the expression 
of Rep through formation of dysfunctional complexes with Rep (Lucioli et al., 2003). A 
similar construct encoding the first 129 amino acids of Rep having a deletion at the carboxyl 
end was shown to confer resistance to a closely related virus, TYLCV- Israeli (Antignus et al., 
2004). Strategies with Rep mutated in the ori- or NTP-binding sites have been applied to 
confer resistance to other geminiviruses. In Bean golden mosaic virus (BGMV), the mutated 
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Reps interfered with BGMV replication in a tobacco cell suspension system as well as 
conferring resistance to African cassava mosaic virus (ACMV) in N. benthamiana protoplasts 
(Hanson and Maxwell, 1999). A mutation to the RCR-2 domain has also been shown to 
abolish the ability of Tomato golden mosaic virus (TGMV) Rep to initiate replication, bind, 
nick and re-ligate DNA (Orozco et al., 1997). 
The BBTV Rep is a multifunctional protein comprising an N-terminal rolling circle 
replication domain which has three motifs and a C-terminal ATPase domain with three 
motifs (Hafner et al., 1997). The BBTV Rep, therefore, has several regions which can be 
targeted for mutation and could be potential targets for development of transgenic virus 
resistance using this approach. Preliminary work from the CTCB laboratory has shown that 
transient replication of BBTV DNA-C is abolished by introduction of mutations within RCR 
motifs II (H41G) and III (Y79F) of the Rep initiator domain (Matthew Webb, unpublished 
data). In these studies, site specific mutations at the RCR-1, RCR-II and ATPase-A motifs of 
the BBTV Rep, from histidine to glycine at the 41st amino acid (H41G), from tyrosine to 
phenylalanine at the 79th amino acid in the RCR domain (M. Webb; unpublished data), and 
from lysine to methionine at the 187th amino acid (K187M) (Tsao, 2008), suppressed 
replication of the DNA-R and DNA-C of BBTV in banana ECS when over-expressed using the 
maize ubiquitin promoter (Tsao, 2008). These transient analyses were done using cell 
suspensions but no work has been done to evaluate the possible protective effect of the 
mutant Reps in stably transformed plants. 
1.8.2 Coat protein mediated resistance 
This refers to the resistance caused by the expression of virus coat protein gene (CP) 
in transgenic plants. The accumulation of the CP confers resistance to the plant against the 
virus from which the CP gene is derived and by related viruses (Beachy et al 1990).  
1.9 Other resistance strategies to viruses in plants 
1.9.1 Gene silencing 
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Gene silencing is an ancient mechanism for protecting cells from invading viruses 
and transposable genetic elements that was first reported in transgenic tobacco (Matzke et 
al., 1989) and in Petunia (Van der Krol et al., 1990.) although the mechanism was not 
elucidated in these instances. It was not until later following the pioneering work on the 
nematode Caenorhabditis elegans (Fire et al., 1998) that the mechanism of gene silencing 
was understood and referred to as RNA interference (RNAi). These scientists established 
that when double stranded sense and antisense RNA strands were introduced together in a 
system, they worked synergistically resulting in sequence specific gene silencing that 
matched that of the introduced RNA strand, with the resulting interference present in the 
cells of the system and heritable. Using Drosophila, the role of small interfering RNA (siRNA) 
as precursors for RNAi was later elucidated. Double stranded RNA (dsRNA) was processed in 
the cells into 21 to 23 nucleotide fragments which cleaved to matching homologous RNA 
sequences and in effect degrading the mRNA therefore silencing the gene by blocking its 
ability to encode for required proteins (Hammond et al., 2000. ). The “DICER” enzyme which 
cleaves dsRNA into siRNA was identified and described as well as the RNA-induced silencing 
complex (RISC) which degrades the homologous mRNA thereby mediating the silencing 
process (Bernstein et al., 2001). Plant viruses are known to be strong inducers and targets of 
gene silencing and accumulation of 21 nt siRNAs in local and systemic tissues has been 
observed indicating the action of RNAi or post transcriptional gene silencing (PTGS) as it is 
referred to in plant systems (Hamilton et al., 2002). Elevated levels of siRNAs have been 
correlated with reduced viral titer and immunity in some systems or recovery in remote 
plant parts (Szittya et al., 2002). RNAi based transgenic resistance to viruses has been 
attempted in maize (Zhi-Yong et al., 2010), rice (Tyagi H et al., 2008) and bean (Bonfim et al., 
2007), against Maize dwarf mosaic virus [MDMV], Rice tungro bacilliform virus [RTBV], and 
Bean golden mosaic virus [BGMV], respectively, among a growing body of work.  
1.9.2 Disease resistance strategies using non-transgenic approaches 
Plant resistance to pathogens can be obtained using a number of approaches, some 
of which are general and some highly specific. Conventional breeding is based on the 
selection of phenotypes of superior genotypes within segregating progenies obtained from 
23 
 
 
crosses. However, the use of this approach often encounters difficulties especially due to 
genotype-environment interactions. Further, it is reliant on crop systems that easily set seed 
and are usually diploid in nature. Banana is a parthenorcarpic polyploid and therefore 
conventional breeding is expensive and unreliable for any desirable traits. Harnessing other 
disease resistance strategies is therefore useful for crops that are not amenable to 
conventional breeding like bananas.  
Systemic acquired resistance (SAR) against pathogens is a widespread phenomenon 
that has been investigated with respect to the underlying signalling pathways as well as to its 
potential use in plant protection (Kuc, 1995; Hammerschmidt, 1999). Following a local 
infection, plants respond with a salicylic acid-dependent signalling cascade that leads to the 
systemic expression of a broad spectrum and long-lasting disease resistance against fungi, 
bacteria and viruses (Ross, 1966; Pieterse and Van Loon, 2007; Walters and Heil, 2007). 
These resistance mechanisms are thought to be modulated through accumulation of 
salicylic acid, stimulated antioxidants or gene silencing (Pieterse et al., 2001). The responses 
associated with this general resistance include changes in cell wall composition, production 
of pathogenesis-related-proteins such as chitinases and glucanases, (Heil and Bostock, 2002) 
and synthesis of phytoalexins. It is plausible that further defensive compounds exist but 
have not been identified. A number of genes with expression altered following exposure to 
Fusarium oxysporum (Fo) infection have been identified in the model plant Arabidopsis 
(Glazebrook, 2001). The SAR pathway (cascade) is thought to have these genes and others 
yet to be identified in different plant systems. The salicylic acid (SA) pathway was also 
implicated in the resistance response to Fusarium oxysporum in Arabidopsis (Mauch-Mani 
and Metraux, 1998). Subsequently, treatment of plant leaves with salicylic acid before 
inoculation with the fungus was shown to reduce disease symptoms (Edgar et al., 2006). 
These early studies indicate that SAR can be induced in plants through the application of 
external stimulus which can be alternative pathogens or chemical stimulators of the SAR 
pathway. 
Rhizosphere and endophytic bacteria have been used to study induced resistance to 
plantlets against BBTV (Kavino et al., 2007). Virus indexed micro propagated plantlets of 
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banana cultivar Virupakshi (AAB) were subjected to root colonization followed by foliar 
spraying with Pseudomonas fluorescens strains Pf1 and CHAO and Bacillus subtilis strain 
EPB22 and studied under glass house and the field conditions. Their results indicated that 
after transplanting the microbe-inoculated plants in the field, a significant (50%) reduction 
of BBTV over the control under field conditions was observed. However, the authors did not 
establish whether the aphids used in the field study were infectious by using PCR based 
methods. In addition, it was not clear whether treatment altered the aphid feeding 
preference resulting in less infections and thus less prevalence of BBTD in the treated plants 
and further, it has been established that field transmission of BBTV by aphids is significantly 
lower than in controlled conditions (Hooks et al., 2009). 
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Table 1-4: Rep mediated transgenic resistance strategies against geminiviruses (Shepherd et al., 2009) 
 
Source of transgenic sequence Transgene Plant in which resistance 
was shown 
Virus against which resistance was 
shown 
Tomato yellow leaf curl virus Truncated REP gene Tomato, Nicotiana 
benthamiana 
TYLCV (Antignus et al., 2004) 
Tomato yellow leaf curl Sardinia 
virus 
Truncated REP gene Tomato, N. benthamiana TYLCV Sardinia virus (TYLCV-SV) and 
TYLCV (Noris et al., 1996) 
Tomato leaf curl New Delhi 
virus 
Truncated REP gene N. benthamiana Tomato leaf curl New Delhi virus; African 
cassava mosaic virus; Pepper huasteco 
yellow vein virus; Potato yellow mosaic 
virus (Chatterji et al., 2001) 
Bean golden mosaic virus Rep gene mutants Tobacco suspension 
cells* 
Bean golden mosaic virus (Hanson et al., 
1999) 
African cassava mosaic virus Full-length REP gene N.benthamiana African cassava mosaic virus (Hong et al., 
1996) 
African cassava mosaic virus rep gene mutants N.benthamiana African cassava mosaic virus (Sangar’e et 
al., 1999) 
Mungbean yellow mosaic virus Full length and truncated 
REP genes 
Tobacco Mungbean yellow mosaic virus 
(Shivaprasad et al., 1999) 
Maize streak virus rep gene mutants and 
truncated rep gene mutants 
Digitaria sanguinalis Maize streak Virus (Shepherd et al., 
2007a) 
Maize streak virus Truncated rep gene mutants Maize Maize streak virus (Shepherd et al, 
2007b) 
*Transient assays only, not demonstrated in transgenic plants 
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Salicylic acid (SA) is a key player in systemic acquired resistance and it leads to 
activation of genes encoding pathogenesis related proteins (PR) some of which have anti-
microbial activity (Van Loon et al., 2006). It has also been shown that the plant protein NPR1 
is necessary to transduce the SA signal for SAR, and activation of by SA was related to 
changes in the redox state of the plant cell (Dong, 2001). After induction, an oxidative burst 
occurs which is followed by the accumulation of antioxidants (Mou et al., 2003). The 
markers mostly ascribed to this type of resistance are PR-1 and NPR1 (Dong, 2004, 2012). 
Systemic acquired resistance (SAR) can be induced by a number of external stimuli including 
pathogens, non-pathogenic organisms, herbivory and chemical agents. Chemicals that 
induce SAR are broadly categorized into three types; inorganic, synthesized and natural 
products (Anderson et al., 2006). The inorganics include phosphite and phosphate salts 
which have demonstrated induction of resistance when applied as a foliar spray under field 
conditions (Reuveni and Reuveni, 1998). The mode of action of the phosphate salts is, 
however, not well understood. The synthesized organic chemicals include BABA (β-amino 
butyric acid) (Cohen, 2002) and Bion® (BTH; 123 thiadiazole-7- carboxylic acid derivatives), 
with systemic resistance-inducing activity (www.syngenta.cropprotection-us.com). Bion® is 
associated with increased accumulation of acidic PR-1, PR2 and PR5 genes, all of which are 
reported to be markers for SAR (Whan et al., 2008). Similarly, natural products are also 
available which can induce SAR. These include chitin and chitosan, Messenger® -a peptide 
preparation from Erwinia amylovora and strobilurins from wood-associated fungi (Anderson 
et al., 2006). Biological activators of SAR have also been reported and include non-
pathogenic F. oxysporum which can act via direct and indirect antagonism of the host plant. 
It has been established that pre-inoculation of a plant with a non-pathogenic/avirulent 
strain of F. oxysporum (Fo) resulted in the mitigation of symptoms when the plant was later 
inoculated with pathogenic Fusarium (Nel et al., 2006). Further, pre-inoculation of Cicer 
arientum plants with non-pathogenic isolates of Fo (e.g. Fo47 and Fo47b10) resulted in 
mitigation of symptoms when plants were later inoculated with the pathogenic Fusarium 
isolate (Kaur and Singh, 2007). 
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1.10 Project aims and objectives 
The development of improved disease resistance for banana is of significant 
importance for both commercial and small holder farmers as conventional breeding has, to 
date, delivered very limited improvement. In the first research component of this thesis, 
attempts to generate BBTV-resistant banana plants using a genetic modification approach 
are described while the second research component focused on the identification of a 
potential marker gene associated with SAR in banana plants and a comparison of the 
expression levels of the marker gene in response to biotic and abiotic stresses, and chemical 
inducers. The aim of this study therefore was to investigate whether improved plant based 
resistance could be obtained by either genetically engineering banana plants to express 
mutated Reps or by stimulation of systemic acquired resistance in tissue cultured bananas. 
This aim was to be achieved through the following objectives: 
i. Stably transform Cavendish banana with three different BBTV Rep mutant genes and test 
plants for resistance to BBTV in glass house trials, 
ii. Identify potential SAR markers in banana, 
iii. Investigate the expression levels of the SAR marker in tissue culture, glass house and field 
grown Cavendish and Ladyfinger banana and; 
iv. Demonstrate whether SAR activation using chemical and biological inducers results in 
elevated levels of SAR markers.  
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Chapter Two 
 
2 General Materials and Methods 
 
2.1 Source of materials 
All general laboratory chemicals, plant tissue culture media chemicals and plant 
growth regulators were sourced from scientific supply companies including Sigma Aldrich 
(Ger), VWR (Aus) formally Crown Scientific and Quantum Scientific, VWR (UK) incorporating 
BDH Chemicals and Merck, Life Technologies (USA) incorporating Invitrogen™, Applied 
Biosystems®, among others, Ajax Finechem (Aus), Progen Biosciences (Aus), Roche Research 
(Ger), or FMC Bio Products (USA). DNA Markers were sourced from Bioline (Aus), while 
reagents for nucleic acid purification, PCR and quantitative Real Time PCR were purchased 
from Promega (USA), and Qiagen (Ger). Restriction enzymes were purchased from Roche or 
New England Biolabs (USA) while all the general solutions used in this research are outlined 
in Appendix 1. The bacterial strains used were Escherichia coli (E. coli) strain XL1 Blue for 
cloning of vectors, while Agrobacterium tumefaciens strain AGL1 was used for stable 
transformation of banana. 
2.2 Protocols for gene cloning 
Common molecular techniques were performed as previously described (Sambrook 
and Russell, 2001) or according to manufacturer’s instructions. Protocols which were 
significantly altered from their published form are described below and unique methods are 
described within the relevant chapters. 
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2.2.1 Nucleic acid amplification  
Oligonucleotides were synthesised by Gene Works Australia Pty Ltd as guaranteed 
oligos at a concentration of 100 µM with working aliquots of 10 µM made from the stock. 
PCR was carried out as outlined in section 2.2.2. 
2.2.2 PCR amplification  
PCRs were carried out using a Peltier Thermal Cycler-200 (MJ Research) using the 
GoTaq green master mix (Promega). Unless otherwise stated, all PCRs were initially 
denatured at 94 °C for 2 min prior to 35 cycles of the following conditions; 95 °C for 30 s, 
appropriate annealing temperature for 30 s and 72 °C for 1 min per kb of expected product. 
A final extension step of 72 °C for 2 min was often included.  
2.2.3 Agarose gel electrophoresis  
Unless otherwise stated, separation of nucleic acids was carried out in 1% agarose 
gels (for DNA) or 2% agarose gels (for RNA or DNA fragments less than 500 bp) in 1X TAE 
electrophoresis buffer (Appendix 1) premixed with 0.25X Sybr safe stain solution in DMSO 
(Sybr SafeTM DNA gel stain, Invitrogen™. With the exception of PCR reactions performed 
with GoTaq® green master mix (Promega), 6X gel loading buffer (Appendix 1) was added to 
all samples before loading onto agarose gels. Gels were observed and recorded using a gel 
documentation system (Syngene G-Box with GeneSnap™ version 6.07 and GeneTools™ 
version 3.07). 
2.2.4  Purification of DNA from agarose gels by Freeze ‘’N’’ Squeeze  
Restriction digested DNA fragments (Section 2.2.12) or PCR products were separated 
by electrophoresis on agarose gels. DNA fragments were visualised under UV light, and 
those corresponding to the expected size were excised from the stained gel and purified 
directly from agarose using the Quantum Prep® Freeze ‘‘N’’ Squeeze method (BIORAD, USA). 
Briefly, the band was cut out as close to the DNA as possible and deposited in a Freeze ‘‘N’’ 
Squeeze column, frozen for 5 min at -20 °C and then centrifuged at 14000 x g for 3 min. 
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2.2.5 Ligation of DNA fragments 
Unless otherwise stated, all ligation reactions were done using the pGEM-T Easy® 
vector system (Promega) to clone PCR products A-tailed by Taq polymerase. The 10 μL 
reaction mixture contained 4 μL of purified DNA fragments, 0.5 μL vector DNA, 2X ligation 
buffer and 1 U of T4 ligase. The mixture was incubated overnight at 4 °C. 
2.2.6 Preparation of heat-shock competent Escherichia coli  
Escherichia coli XL1 Blue cells were made chemically competent as previously 
described (Inoue et al., 1990). A frozen glycerol stock culture of E. coli cells was thawed on 
ice and 100 µL aliquot of cells was inoculated into 4 mL of LB media containing Tetracycline 
(15 μg/mL) and incubated overnight at 37 °C with shaking at 200 rpm using a Bioline upright 
shaker (Edward’s instrument company (Australia). Following incubation, a 100 µL aliquot 
was inoculated into fresh 4 mL LB/Tetracycline and incubated for 7 h at 37 °C with shaking. 
Subsequently, 1 mL of the culture was transferred into 250 mL of SOB media and the 
cultures shaken at 200 rpm at 18 °C for approximately 40 h on a Ratek orbital mixer 
incubator until the optimal growth was reached. The subsequent manipulations were 
performed at 4 °C. Once optimal growth was obtained (OD600nm = 0.5 to 0.6), aliquots of 50 
mL bacterial cultures were transferred into pre-chilled 50 mL Falcon tubes and incubated on 
ice for 10 min before centrifugation at 4000 x g at 4 °C for 10 min. The cells were gently re-
suspended in 16 mL of chilled transformation buffer (TB) and kept on ice for 10 min before 
centrifugation at 4000 x g at 4 °C for 10 min. The pellet was gently re-suspended in 3 mL TB 
containing 7% DMSO and incubated on ice for 10 min. Aliquots (50 μL) were transferred into 
pre-chilled 500 μL microcentrifuge tubes, snap frozen in liquid nitrogen and stored at -80 °C. 
2.2.7 Preparation of electro-competent Agrobacterium  
Electro-competent A. tumefaciens (strain AGL1) cells were prepared as previously 
described (Dower et al., 1988). An aliquot of 100 μL of Agrobacterium cells [in 10% glycerol] 
was inoculated into 5 mL of LB liquid containing rifampicin (25 μg/ mL) and incubated 
overnight at 28 °C with shaking. Following incubation, 2 mL aliquots were inoculated into 2 x 
125 mL flasks containing liquid LB/rifampicin (25 μg/mL) and incubated at 28 °C with shaking 
(225 rpm) on a rotary shaker. Once optimal growth was obtained (OD600nm= 0.5 - 0.6), 40 mL 
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of culture was transferred to 50 mL pre chilled falcon tubes and centrifuged at 3857x g for 
15 min at 4 °C in a pre-chilled Universal 32-R bench centrifuge (Hettich®). Pellets were 
washed twice in 25 mL of chilled, filter-sterile 1 M Hepes (pH 7.0) and then resuspended in 
10 mL of chilled 10 % glycerol. The cells were transferred to two pre-chilled 15 mL falcon 
tubes and centrifuged in a Universal 32-R bench centrifuge (Hettich®) for 15 min at 3857 x g. 
Final pellets were resuspended in 1 mL of 10 % glycerol, transferred as 100 μL aliquots to 
sterile 1.5 mL eppendorf tubes and snap frozen in liquid nitrogen prior to storage at -80 °C. 
2.2.8 Transformation of bacteria with recombinant plasmids  
Transformation of E. coli competent cells with plasmid DNA 
Chemically-competent E. coli XL1 Blue were transformed using the heat shock 
method as previously described (Inoue et al., 1990). Approximately 1 μg of plasmid or 5 μL 
of pGEM-T Easy® ligation reaction was mixed with 50 μL of thawed competent E. coli cells 
and incubated on ice for 30 min. Cells were heat shocked at 42 °C for 90 s, immediately 
transferred to ice for 2 min, then resuspended in 450 μL SOC and incubated at 37 °C for 1 h 
in the rotary shaker at 200 rpm for resuscitation. Following resuscitation, cell cultures were 
spread onto LB agar plates (containing ampicillin) to a final concentration of 100 g/mL, 2% 
X-gal in DMF and 500 g/mL of IPTG (inducer) and incubated at 37 °C overnight. To ascertain 
whether the correct insert was cloned, transformed colonies were grown in LB overnight 
and then plasmid DNA extraction, digestion with the appropriate restriction enzymes, gel 
electrophoresis of the products and sequencing were carried out as described in sections 
2.2.11, 2.2.3 and 2.2.13, respectively. After confirmation of the presence of the desired 
insert, a fresh colony containing vector DNA was selected for glycerol preservation (2.2.10). 
Transformation of Agrobacterium tumefaciens competent cells with vector DNA  
An aliquot (100 µL) of Agrobacterium electro-competent cells was thawed on ice and 
diluted with 110 µL 10% glycerol. To 50 µL diluted cells in a 1.5 mL eppendorf tube, 1 µL of 
mini-prepped plasmid DNA (pDNA isolated using a standard alkaline lysis mini-prep) was 
added and gently mixed by aspiration with a pipette. The mixture was transferred to a 
sterile pre-chilled electro-cuvette (Cell Projects) before electroporation at 2800V for 3-5 ms 
32 
 
 
using an EC100 electroporator (Thermo EC). Cells were allowed to recuperate in 1 mL of SOC 
for 1-2 h at 28 °C with shaking. A 100 µl aliquot of cells was plated on YMA supplemented 
with 100 mg/L carbenicillin, 25 mg/L rifampicin and 50 mg/L kanamycin. The remaining cells 
were centrifuged at 12000 x g for 5 min and the pellet resuspended in the remaining liquid 
after discarding the supernatant followed by plating in YMA media supplemented with 25 
mg/L rifampicin (selecting for Agrobacterium), 100 mg/L carbenicillin (selecting for AGL1) 
and 50 mg/L kanamycin (selecting for the transformants). For each transformation, a 
digested linear vector was included as a negative transformation control while non-
transformed bacterial cells were included as negative selection control. Agar plates were 
incubated at 28 °C for 2-3 days to allow transformed colonies to grow. Three transformed 
single colonies were selected, re-cultured onto YMA plates with appropriate selection and 
incubated at 28°C for 2-3 days. To confirm bacterial colonies contained the desired plasmid, 
plasmid DNA extraction, digestion with the appropriate restriction enzymes, gel 
electrophoresis of the products and sequencing were carried out as described in sections 
2.2.10, 2.2.111, 2.2.3 and 2.2.13, respectively. For preparation of glycerol stocks of the 
bacterial cultures containing desirable vectors, an aliquot of 500 μL of bacterial culture in its 
exponential growth stage was mixed with an equal volume of 50% glycerol solution (v/v) in 
2 mL cryovials and stored at -80°C until needed. 
2.2.9 Growth of bacteria in liquid cultures  
E. coli or A. tumefaciens cultures were initiated from either a single colony or 100 μL 
of glycerol stock (when available) and inoculated into liquid LB media containing the 
appropriate antibiotics. E. coli liquid cultures were incubated at 37 °C for up to 16 h in with 
shaking while A. tumefaciens liquid cultures were incubated at 28 °C for up to 72 h with 
shaking. Cells from these cultures were harvested for plasmid DNA extraction. 
2.2.10 Isolation and purification of plasmid DNA  
An aliquot (1.5 mL) of overnight starter culture (Section 2.2.9) was transferred to a 
1.7 mL eppendorf tube under sterile conditions. The bacterial culture was centrifuged at 
18000 x g for 1 min and the bacterial pellet gently resuspended in 150 μL of chilled TE buffer 
(Solution 1) by aspiration with a pipette. To the resuspended cells, 200 μL of freshly made 
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0.2M NaOH/1% SDS alkaline lysis solution (Solution 2) was added and gently mixed by 
inversion at room temperature followed by addition of 150 μL of chilled Solution 3 (KCl) and 
an equal volume of chloroform: Iso-amyl alcohol mixture (24:1). Mixing by inversion was 
followed by centrifugation at 18000 x g for 5 min, transferring 400 μL of the aqueous phase 
to a fresh tube, and addition of 1 mL of ice cold 100% ethanol. The mixture was centrifuged 
for 5 min at 18000 x g, the supernatant discarded and the pellet rinsed in 150 μL of 70% 
ethanol followed by centrifugation for 2 min at 18000 x g and air drying for approximately 
30 min. The pellet was resuspended in 30 μL sterile distilled water containing 10 µg/mL 
RNase A and concentration and purity of the pDNA determined using a Nanodrop® 
spectrophotometer (Thermo Fisher). An aliquot (5 μL) of resuspended pDNA was analysed 
by agarose gel electrophoresis to assess the integrity of the extracted pDNA. 
2.2.11 Restriction enzyme digestion of DNA 
The restriction digest reaction for plasmid (approximately 1 μg) and banana gDNA 
(10 μg) were incubated with the appropriate restriction endonucleases and the specific 
buffer. The reaction mixture was incubated at 37 °C for 1 h and 16 h, respectively, and 
digested products were separated by agarose gel electrophoresis as described in section 
2.2.3.  
2.2.12 Alkaline de-phosphorylation of 5’ ends 
To avoid re-circularisation of plasmid without the cloned insert, the phosphate 
groups of linearised plasmid DNA 5’ ends were removed using alkaline phosphatase (AP). 
One unit of AP and 1 X AP buffer were added to the 10 μL digest reaction mixture and 
incubated at 37 °C for 30-60 min after which the AP was inactivated by incubation at 65 °C 
for 10 min.  
2.2.13 DNA sequencing  
Sequencing reactions were performed using the Big Dye Terminator Cycle 
Sequencing Kit TM [BDTv3.1]; (Applied Biosystems) and prepared in a 20 μL reaction 
containing approximately 200 ng pDNA, 3.5 μL of BDTv3.1 ready mix (containing 1 X 
sequencing buffer and BDT in a ratio of 3:1), 5 ρmoles (1 μL) of an appropriate sequencing 
primer and brought to volume using sterile distilled water. Thermo cycling conditions for the 
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sequencing reaction were an initial denaturation cycle of 95 °C for 5 min, followed by 40 
cycles of 95 °C for 30 s, 50 °C for 20 s, and 60 °C for 4 min. To precipitate the sequencing 
products, 2 μL of 3 M sodium acetate (pH 5.2) and 2 μL of 125 mM EDTA (pH 8.0) was added 
to the sequencing reaction and mixed thoroughly. Absolute ethanol (50 μL) was added and 
the mixture incubated at room temperature for 15 min followed by pelleting of the products 
by centrifugation at 18000 x g for 20 min. The pellet was subsequently washed in 70% 
ethanol, centrifuged at 18000 x g for 5 min, air dried, and delivered to the Griffith University 
DNA Sequencing Facility (GUDSF) for sequencing by capillary electrophoresis. Sequence data 
was analysed using Contig Express (Invitrogen Vector NTI AdvancedTM V10). 
2.3 General methods for nucleic acid purification and amplification from 
banana leaf tissue 
2.3.1 Extraction of total DNA from banana leaf tissue using a modified CTAB method 
DNA extraction from banana leaf was performed using CTAB following the protocol 
outlined by Stewart and Via (1993), with several modifications. Using a mortar and pestle, 
100 mg of banana leaf tissue was ground in liquid nitrogen (LN2) and 600 μL of CTAB 
extraction buffer (section 2.4.1) added. The slurry was then transferred to 1.5 mL eppendorf 
tubes and incubated at 65 °C for 30 min with mixing several times. The tubes were 
centrifuged at 18000 x g for 5 min and 750 mL of the supernatant transferred to a new tube. 
An equal volume of chloroform: IAA was added and vortexed vigorously before centrifuging 
at 18000 x g for 5 min. This was repeated with 600 μL of the aqueous phase. After 
centrifugation, approximately 450 μL of the resulting aqueous phase was carefully 
transferred to a new tube and an equal volume of Isopropanol added and mixed by 
inversion. Centrifugation was done at 18000 x g for 5 min to precipitate the DNA after which 
the supernatant was removed. The pellet was washed with 500 μL of 70% ethanol and air 
dried for 30 min then resuspended in 50 μL de-ionised water containing 10 µg/mL RNAse A 
and stored at 4 °C overnight to allow the DNA to resuspend. The concentration was 
determined using a Nanodrop® spectrophotometer (Thermo Scientific) while integrity was 
determined by agarose gel electrophoresis. PCR routinely used 50 ng of the isolated banana 
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DNA with amplification of the Actin-1 gene as a control for DNA quality. The DNA was stored 
at -20 °C for further manipulations.  
2.3.2 Extraction of total RNA from banana leaf tissue using a modified RNEasy® method 
To avoid contamination, discs were collected from banana leaves using new 1.5 mL 
microcentrifuge caps as a punch. Seven banana leaf discs equivalent to 100 mg of tissue 
were collected into each tube containing one stainless steel bead (2.5 mm, Daintree 
Scientific) and immediately frozen in liquid nitrogen. Tissue disruption and homogenization 
was done with two 30 s bursts in a tissue lyser (Qiagen, Retsch® Tissue lyser II) at a 
frequency of 30 rotations/s. The frozen samples were centrifuged briefly to collect the 
powdered tissue at the base of the tube after which 100 μL of 10% high molecular weight 
polyethylene glycol (HMW PEG 8000) was added and the LN2 evaporated. RNA extraction 
using 600 µL of buffer RLC from the RNEasy® Kit (QIAGEN) was then carried out following 
the manufacturer’s instructions. For On-column® DNase digestion, 80 µL of the DNase 
incubation mix containing 10 µL of DNase I stock solution and 70 µL of RDD DNase digestion 
buffer were added directly to the spin column membrane and incubated at room 
temperature for 15 min. The subsequent washes were carried out as outlined in the 
manufacturer’s protocol and the RNA eluted into a clean RNase-free tube using 40 µL of 
RNase-free water. In some cases, DNase treatment took place after elution of the RNA using 
the RQ1 DNase treatment system (Promega) following manufacturer’s instructions. 
Concentration and purity were determined using a Nanodrop® spectrophotometer (Thermo 
Scientific) while integrity was determined using agarose gel electrophoresis. The RNA 
obtained was used for cDNA synthesis and quantitative real time PCR (qPCR). 
2.3.3 Reverse transcription for cDNA synthesis 
All reverse transcription reactions were carried using the MMLV 2-Step reverse 
transcription system (Promega) following the manufacturer’s instructions. An equivalent of 
1 μg RNA and 10 ρmoles oligo dT primer (Master Mix 1) were brought to a total volume of 
11.75 μL with RNase-free water. This master mix was incubated at 70 °C for 5 min then 
quenched on ice for 2 min and divided into two equal volumes per sample. To one tube, 
8.25 μL Master Mix 2 containing 5X MMLV buffer, 1U of MMLV Reverse Transcriptase (RTE) 
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enzyme (Promega), 0.2 mM dNTPs, 40U RNase inhibitor, was added and brought to a total 
volume of 20 μL with RNase-free water. To the second tube, a master mix containing 5X 
MMLV buffer and RNase-free water was added in place of the RTE as a control for DNA 
contamination during PCR. The reaction mixtures were incubated at 25 °C for 5 min, and 
cDNA synthesised by incubation at 42 °C for 1 h, followed by inactivation of RTE at 70 °C for 
15 min. A 1 in 5 dilution of the synthesised cDNA was then used for quantitative real time 
PCR (qPCR). 
2.4 General stock and working solutions 
2.4.1 Solutions – General solutions 
 Acetosyringone: 0.2 M in DMSO (19.62 mg/mL) 
 CHCl3: IAA: Chloroform and Isoamyl alcohol mixture at a ratio of 24:1 
 CTAB Buffer: 50 mL of stock 1 M Tris-HCl, pH 8.0, 50 mL of stock 0.5 M EDTA pH 8.0, 41 g 
sodium chloride, 5 g sodium sulphite, 10 g PVP 10, 10 g CTAB 
 Denaturation Buffer: 1.5 M NaCl, 0.5 M NaOH 
 Depurination buffer: 0.2 M HCl 
 Detection Buffer: O.1 M Tris base, 0.1 M NaCl, pH 9.5 
 Diethyl Pyrocarbonate (DEPC) treatment of solutions and glassware: 1 mL of DEPC dissolved 
in 1 L Millipore water, and incubated at RT in the fume hood overnight followed by 
autoclaving at 121 °C for 30 min 
 DMF : dimethylformamide 
 DMSO: dimethylsulfoxide 
 EDTA: Ethylene diamine tetra-acetic acid, 0.5 M pH 8.0 
 Gel Loading Buffer (GLB) 6X : 0.25%(w/v) bromophenol blue, 0.25% (w/v) Xylene cyanol, 
30% glycerol, 0.15 M EDTA (pH 8.0) 
 High-stringency wash buffer: 0.1X SSC, 0.1% SDS 
 IPTG: Isopropyl-β-D-thiogalactopyranoside prepared as 0.1 M in sterile distilled water and 
filter sterilised 
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 Low-stringency wash buffer: 2X SSC, 0.1% SDS 
 Maleic acid buffer: 0.1 M Maleic acid, 0.15 M NaCl, pH 5.0 and autoclaved. 
 Neutralisation buffer: 1.5 M NaCl, 0.5 M tris-base, pH 7.5 
 20X SSC: 3 M NaCl, 0.3 M tri-sodium citrate, pH 7.5 
 SSTE: 1 M NaCl, 0.5% SDS, 10 mM tris-HCl (pH 8.0), 1 mM EDTA (pH 8.0), heated to 37 °C 
before use to dissolve precipitates 
 TAE (10X): 0.1 M Tris-acetate, 5 mM EDTA (pH 7.8) 
 TE: 25 mM tris-HCl, 10 mM EDTA (pH 8.0) 
 Transformation buffer (TB): 10 mM PIPES, 55 mM MnCl2, 15 mM CaCl2, 250 mM KCl, pH 6.7 
 X-gal: 5-bromo-4-chloro-3-indoly-β-D-galactopyranoside, 2 % (w/v) prepared in DMF 
(dimethylformamide).  
 
2.4.2 Antibiotics 
Table showing amounts, diluents and working solutions  
Antibiotic Stock Concentration Working Concentration 
Ampicillin 100 mg/L 1 µl/ mL of media 
Carbenicillin 250 mg/L 1 µl/ mL of media 
Kanamycin 100 mg/L 1 µl/ mL of media 
Rifampicin 25 mg/L 1 µl/ mL of media 
Spectinomycin 100 mg/L 0.5 µl/ mL of media 
Streptomycin 50 mg/L 1 µl/ mL of media 
Timentin 200 mg/L 1 µl/ mL of media 
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2.4.3 Bacterial Media 
Bacterial Media (for cloning) 
 
Bacterial Re-suspension media (BRM) 
Stocks  For I L 
MS Stock 1 (10x macro)  10 mL 
MS Stock 2 (100x micro) 1 mL 
MS Stock 3 (100x vitamins) 10 mL 
MS Stock 4 (100x Fe-EDTA) 1 mL 
Sucrose  68.4 g 
Thiamine (fresh 10mg/ mL) 90 µL  
Cysteine 400 mg 
Glucose 36 g 
*Acetosyringone (fresh 100mM) 2 mL 
pH  5.2 
*filter sterilized and added after autoclaving  
 
 
Chemicals LB (pH 7.5) SOC (pH 7) SOB (pH 6.7– 7) Y M (pH 7) 
Tryptone (w/v)  1%  2%  2%  N/A 
Yeast extract (w/v) 0.5%  0.5% 0.5%  0.04%  
NaCl 8.6 mM 8.6 mM 10 mM 1.7 mM 
KCl N/A 2.5 mM 2.5 mM N/A 
Glucose* N/A 20 nM N/A N/A 
MgCl2* N/A 10 mM 10 mM N/A 
MgSO4 N/A N/A 10 mM 0.83 mM 
Mannitol N/A N/A N/A 54.9 mM 
K2HPO4 N/A N/A N/A 2.9 mM 
*filter sterilized and added after autoclaving 
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Co-culture media (CCM) 
Part A - Filter-sterilized Total volume 150 mL 
MS Stock 3 (100x vitamins) 2.5 mL 
Biotin (1 mg/ mL) 250 µL 
Ascorbic acid (fresh 10 mg/ mL) 250 µL 
Sucrose 7.5 g 
Maltose 7.5 g 
Glucose 2.5 g 
Poly vinyl pyrollidone (PVP-MW=40,000) 2.5 g 
Myo-Inositol 25 mg 
Glutamine 25 mg 
Malt Extract 25 mg 
L-cysteine 100 mg 
Proline 75 mg 
Make up to 150 mL with MilliQ water  
*Acetosyringone (fresh 100 mM) 
*filter sterilized and added after autoclaving 
500 µL 
 pH 5.3 
Part B - Autoclaved Total volume 100 mL 
MS Stock 1 (10x macro) 2.5 mL 
MS Stock 2 (100x micro) 2.5 mL 
MS Stock 4 (100x Fe-EDTA) 250 µL 
Agar 2 g 
Make up to 100 mL with MilliQ water  
pH 5.5 
Autoclave-15min/121 °C  
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2.4.4 Tissue Culture media 
2.4.4.1 Stock solutions MS Stocks 
MS stock solution 1 
10  concentration (used 100 mL per L) Concentration  g/L 
NH4NO3 0.21 M 16.5 
KNO3 0.19 M 19.0 
CaCl2.2H2O 40.54 mM 4.4 
MgSO4. 7H2O 30.74 mM 3.7 
KH2PO4 12.5 mM 1.7 
 
MS stock solution 2 
100  concentration (used 10 mL per L)  Concentration  g/L 
MnSO4 4H2O 14.77 mM 2.23 
ZnSO4 7H2O 5.33 mM 0.86 
H3BO4 10 mM 0.62 
KI 0.5 mM 0.083 
NaMoO4 2H2O 0.12 mM 0.025 
CuSO4 5H2O 20 µM 0.0025 
CoCl2 6H2O 20 µM 0.0025 
 
MS stock solution 4 
100  concentration (used 10 mL per L) Concentration  g/L 
#Na2EDTA.2H2O 11.08 mM 3.724 
FeSO4.7H20 18.29 mM 2.78 
#The Na2ETDA was dissolved in 95
oC water, and FeSO4 added during cooling then stored in a 
light-proof container. 
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SH stock solution 1 Macronutrients 
10  concentration (used 100 mL per L) g/L 
NH4H2PO4 3 
KNO3 25 
CaCl2 2H2O 2 
MgSO4 7H2O 4 
 
SH stock solution 2 Micronutrients 
100  concentration (used 10 mL per L) mg 
MnSO4 4H2O 1320 
ZnSO4 7H2O 100 
H3BO4 500 
KI 100 
NaMoO4 2H2O 10 
CuSO4 5H2O 20 
CoCl2 6H2O 10 
 
SH stock solution 4 Fe-EDTA 
100  concentration (used at 10 mL 
per L) 
 g 
Na2EDTA 2H2O  2 
FeSO4 7H20  1.5 
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2.4.4.2 Plant growth regulators (PGR)  
PGR Stock (mg/ mL) Solvent  Diluent 
Biotin 1 Ethanol Ethanol 
2-4-D* 10 Ethanol Water (50:50) 
Zeatin* 0.5 1M NaOH Water 
BAP (benzyl amino purine) 1 1M NaOH Water 
IAA (Indole Acetic Acid) 1 1M NaOH Water 
NAA (Naphthalene acetic acid) 1 1M NaOH Water 
Kinetin 0.1 1M NaOH Water 
2iP 0.1 1M NaOH Water 
Picloram 1 DMSO DMSO 
*added after autoclaving 
2.4.4.3 Vitamins stocks 
 
 
 
Vitamins MS Stock 3 Vitamins 
100X 
Bluggoe Vitamins 
100X 
Morel and 
Whetmore 
Vitamins 
Myo-Inositol 55.5 mM 55.5 mM 55.5 mM 
Nicotinic acid 0.41 mM 0.41 mM 0.81 mM 
Pyridoxine HCl 0.24 mM 0.24 mM 0.49 mM 
Thiamine HCl 29.65 mM 0.12 mM 0.3 mM 
Glycine 2.66 mM 2.66 mM N/A 
Calcium 
Pantothenate 
N/A N/A 0.42 mM 
Biotin N/A N/A 4.1 µM 
Folic Acid N/A N/A 2.27 mM 
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2.4.5 Tissue culture media working solutions 
 
Bluggoe Low (BL) 
Stock solution Working Solution (/L) 
MS Stock 1 (10x macro) 50 mL 
MS Stock 2 (100x micro) 10 mL 
Bluggoe Stock 3 (100x vitamins) 10 mL 
MS Stock 4 (100x Fe-EDTA) 5 mL 
Ascorbic acid 10 mg/L 
Sucrose (g) 20 g/L 
pH 5.7 
2,4-D *(10mg/ mL) 110 μL 
Zeatin *(0.5mg/ mL) 500 μL 
Agar 8 g/L 
 
M1 medium (Escalent et al 1994) 
Prepared in 1 L mL 
MS Stock 1 (Macro) 100 mL 
MS Stock 2 (Micro) 10 mL 
MS Stock 3 (Vitamins) 10 mL 
MS Stock 4 (FeEDTA) 10 mL 
Biotin (1 mg/ mL) 1 mL 
2,4-D (1 mg/ mL) 4 mL 
IAA (1 mg/ mL) 1 mL 
NAA (1 mg/ mL) 1 mL 
Sucrose (g) 30 g 
pH with KOH/HCl 5.7 g 
Agarose (g) 7 g 
 
44 
 
 
 
M3 medium 
Prepared in 1 L mL 
SH macro 100 
SH micro 10 
SH Fe EDTA 10 
MS Vitamins 10 
Biotin (1 mg/ mL) 1 
L-glutamine (mg) 100 
Proline (mg) 230 
Malt Extract (mg) 100 
NAA (1 mg/ mL) 0.2 
*Zeatin (0.5 mg/ mL) 0.1  
Kinetin (1 mg/ mL) 0.1  
2iP (0.1 mg/ mL) 1.4  
Lactose (g) 10 g 
Sucrose (g) 45 g 
pH with KOH/HCl 5.7 
Phytagel (g) 3 g 
*Added after autoclaving  
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M4 medium 
Prepared in 1L mL 
MS macro 100 
MS micro 10 
MS Fe EDTA 10 
Morel & Wetmore Vitamins 10 
BAP (1 mg/ mL) 0.045 
IAA (0.1 mg/ mL) 0.2 
Sucrose (g) 30 g 
pH KOH/HCl 5.7 
Phytagel (g) 2 g 
 
M5 medium 
Prepared in 1L mL 
MS macro 100 
MS micro 10 
MS Fe EDTA 10 
Morel & Wetmore Vitamins 10 
Sucrose (g) 30 
pH KOH/HCl 5.7 
Phytagel (g) 2 
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Bluggoe multiplication medium 
Prepared in 1L mL 
MS Stock 1 100 
MS Stock 2 10 
MS Stock 4 (Fe EDTA) 10 
MS Stock 3 Vitamins 10 
BAP (1.0 mg/ mL) 5.0 
IAA (1.0 mg/ mL) 0.175 
Sucrose (g) 20 
pH with KOH/HCl 5.7 
Phytagel (g) 2 
 
RS4 
Prepared in 1L mL 
MS Stock 1 50 
MS Stock 2 10 
Bluggoe Vitamins 10 
MS Stock 4 (Fe EDTA) 5 
Ascorbic acid (mg) 10 
Sucrose (g) 20 
pH with KOH/HCl 5.7 
Phytagel (g) 2 
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Chapter Three 
3 Towards Transgenic Resistance to Banana Bunchy Top Virus (BBTV) Using 
a Mutated BBTV Rep Strategy 
 
3.1 Introduction  
 
Banana bunchy top virus (BBTV) is considered the most important virus infecting 
banana and causes the devastating banana bunchy top disease (BBTD or bunchy top) (Dale, 
1994; Thomas and Iskra-Caruana, 2000). BBTV is transmitted by vegetative propagation and 
by the black banana aphid Pentalonia nigronervosa (Robson et al., 2007). There are no 
sustainable and effective control strategies for bunchy top disease with the exception of 
Australia where the disease has been controlled using strictly enforced phytosanitary 
measures (Dale, 1994; Thomas et al., 1994). The control of the disease in other countries 
has been less effective due to their unregulated industries and subsequent difficulties with 
implementation. It is clear that resistant banana cultivars are urgently needed. 
The development of resistant bananas via conventional breeding is hindered by the 
fact that edible bananas are parthenocarpic hybrids with low levels of male and female 
fertility (Ortiz et al., 1995). Even if breeding was feasible, no natural resistance to BBTV has 
been identified in existing banana germplasm. Genetic modification offers an opportunity to 
circumvent the constraints of traditional breeding. Further, the availability of efficient 
banana transformation methods provides a means of introducing genes to confer new traits 
to banana (Becker et al., 2000; Khanna et al., 2004). The challenge now lies with the 
identification of suitable genes to confer resistance. 
BBTV is the type member of the genus Babuvirus in the family Nanoviridae. The 
genome of BBTV comprises at least six circular, single-stranded DNA (ssDNA) molecules 
(designated DNA-R, -C, -M, -N, -S and –U3) each encoding at least one protein (Harding et 
al., 1991; Burns et al., 1995). Replication of BBTV is driven by the interaction between the 
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master replication associated protein (M-Rep) and the host plant polymerases. M-Rep is 
encoded by BBTV DNA–R and is believed to initiate rolling circle replication (RCR), function 
as a site- and strand-specific endonuclease, and initiate replication of all integral 
components of the BBTV genome (Horser et al., 2001). It comprises an N-terminal RCR 
domain and a C-terminal ATPase domain, each with three conserved motifs (Hafner et al., 
1997). These conserved regions could be mutated to become potential targets for the 
development of transgenic virus resistance. Although there are no reports of Rep-mediated 
resistance to nanoviruses, such a strategy has been attempted with a second family of 
ssDNA viruses, the Geminiviridae. In these studies, plants transformed with full-length or 
partial Rep genes showed partial resistance against the virus from which the Rep gene was 
derived (Prins et al., 2008; Shepherd et al., 2009). 
Previous research at QUT has shown that transient replication of BBTV DNA-C in 
banana embryogenic cell suspensions is abolished when co-bombarded with DNA-R 
containing mutations within RCR motif II (H41>G), and motif III (Y79>F) (M. Webb (QUT), 
unpublished data). Further, when DNA-R containing a mutation at the ATPase-A motif 
(K187>M) was co-bombarded with plasmid clones of both the native DNA-R and DNA-C into 
banana cell suspensions, replication of both the native DNA-R and DNA-C was suppressed 
(Tsao, 2008). Based on this promising work showing a reduction in the replication of BBTV 
DNA-C and DNA-R in transient assays in vitro, the ability of these mutated Reps to provide 
BBTV resistance within a stably transformed banana plant was investigated. The specific 
objectives of the research described in this chapter were to: 
i. stably transform embryogenic cell suspensions of Cavendish banana with three mutated 
Rep constructs (H41G, Y79F, and K187M) using Agrobacterium tumefaciens,  
ii. identify stably transformed banana plants containing the Rep gene constructs,  
iii. assess plants for resistance by inoculation with BBTV using viruliferous aphids  
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3.2 Materials and methods  
3.2.1 Transformation constructs 
Mutated Rep gene constructs were obtained from Mr Matthew Webb (QUT) and Dr 
Theresa Tsao (Tsao, 2008). They comprised three different mutations in the major ORF of 
the BBTV DNA-R to include a site-specific base change altering the identity of a key amino 
acid in the Rep protein, namely H41>G, Y79>F and K187>M. The three constructs were 
provided in plasmid pGEM3Z between the maize poly-ubiquitin promoter (ubi1) and the 
nopaline synthase (nos) terminator. Sequencing was used to verify the presence of the 
correct mutated Rep sequence.  
To prepare binary vectors, the expression cassettes were excised from the pGEM3Z 
vector through digestion using ScaI to cut the 3 kb vector into two smaller pieces for ease 
of visualisation using gel electrophoresis and the expression cassette excised by restriction 
digestion with HindIII and EcoRI. Restriction fragments were separated using gel 
electrophoresis and purified using the Quantum Prep® Freeze “N” Squeeze method as 
described (2.2.4). The mutated Rep expression cassettes were then cloned into the binary 
vector pCAMBIA 2300 and designated, pCAMBIA-H41G, pCAMBIA-Y79F and pCAMBIA-
K187M. 
A BBTV native Rep ubi-nos cassette was also prepared. The BBTV DNA-R ORF was 
firstly amplified by PCR using primers designed from the published sequence from an 
Australian BBTV isolate maintained at QUT (GenBank accession no.: NC003479) (Harding et 
al., 1993) (Table 3-1). Following amplification, the PCR product was cloned into pGEMT-
Easy® and sequenced as described (2.2.14). The BBTV native Rep was excised from pGEM-T-
Easy® by digestion with BamHI and NcoI restriction enzymes and subsequently inserted 
between the Ubi promoter and nos terminator.  
BBTV native Rep, H41G, Y79F and K187M were all cloned into the binary vector 
pCAMBIA 2300 as Ubi-Rep/MutRep-nos cassettes to obtain the pCAMBIA native/mutant 
Rep constructs (Fig 3-1). The control plasmid, pART Test 7 (provided by Dr Benjamin 
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Dugdale, QUT) was a pBIN-derived vector and contained the CaMV 35S promoter driving the 
expression of GFP with a catalase intron and nos as the terminator. 
3.2.2 Stable transformation of banana embryogenic cell suspensions 
3.2.2.1 Preparation of Agrobacterium tumefaciens 
Binary vectors containing the mutated and native Rep cassettes (Fig 3.1) and the 
pART-Test 7 transformation control vector were transferred into Agrobacterium 
tumefaciens supervirulent strain AGL1 by electroporation (section 2.1.8). The cells were 
inoculated into YMB media supplemented with 25 mg/L rifampicin (to select for A. 
tumefaciens), 100 mg/L carbenicillin (to select for strain AGL1) and 50 mg/L kanamycin (for 
the selection of the plasmid in the pCAMBIA 2300 binary vector), and incubated at 28 °C for 
72 h in a rotary shaker at 200 rpm. Twenty four hours prior to transformation of the banana 
embryogenic cell suspensions (ECS), 1 mL of the bacterial culture was inoculated into 24 mL 
of antibiotic supplemented YMB and incubated at 28 °C with shaking at 200 rpm. Once the 
overnight culture had attained an optical density (OD) of 1, 10 mL of the bacterial culture 
was centrifuged at 5000 g for 10 min and the pellet resuspended in 10 mL of antibiotic free 
banana re-suspension media (BRM) containing 100 mM acetosyringone. The culture was 
incubated at 25 °C for 3 h with shaking at 70 rpm. 
3.2.2.2 Preparation of embryogenic cell suspensions (ECS) 
Embryogenic cell suspensions (ECS) of Cavendish banana cv Williams were initiated 
and maintained in BL media as described (Becker et al., 2000). Four days post sub-culture, 
cells were collected and sieved through a 500 μM mesh then allowed to settle in a sterile 50 
mL Falcon tube for 10 min. The supernatant was carefully removed without disturbing the 
cells, 10 mL of previously warmed BL media was added and the cells were then heat 
shocked by incubating at 45 °C for 5 min. After the ECS settled, the warm BL media was 
removed leaving approximately 1 mL for re-suspension of the cells. The resuspended ECS 
were then distributed into six 15 mL Falcon tubes; three for the mutated Reps and one each 
for the native Rep, pART-Test 7 and wild type (WT) untransformed controls. 
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3.2.2.3 Transformation and co-cultivation of the ECS 
Pre-induced A. tumefaciens cultures containing 0.02% (v/v) Pluronic F68 were 
combined with banana ECS at a ratio of 5:1 (v/v). For the non-transformed control ECS, 
sterile distilled water containing 0.02% (v/v) Pluronic F68 was added. The tube contents 
were mixed gently by inversion and then centrifuged at 27 °C for 10 min at 3857 g using a 
Universal 32R Hettich® bench centrifuge. After centrifugation, the ECS were allowed to rest 
for 30 min at 27 °C, excess media was removed and the ECS aspirated onto a 55 mm 
Whatman paper disc and allowed to dry. The Whatman paper containing the cells was then 
transferred to co-culture plates and incubated in the dark for 3 days at 23 °C. 
3.2.3 Selection, germination, multiplication and rooting of transformants 
Following a three day incubation in the dark, banana cells were washed seven times 
in BL media supplemented with 400 mg/L Timentin® to kill residual A. tumefaciens. They 
were then transferred to fresh Whatman filter paper and allowed to dry and subsequently 
transferred to plates containing BL media supplemented with 200 mg/L Timentin® and 50 
mg/L kanamycin and incubated for 4 wks. Cells were maintained in BL supplemented with 
200 mg/L Timentin® and 100 mg/L kanamycin for 8 wks and then transferred to embryo 
formation and maturation media (M3) with the same concentration of antibiotics where 
they were maintained for 3 months, with subculturing done monthly. There were six 
independent plates per construct.  
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Table 3-1: Primer sequences used in this study 
Target Primer Sequence (5’-3’) Amplicon size (bp) 
BBTV DNA-R (construction of BBTV native Rep 
construct) 
DNA-R f GGATCCATGGCGCGATATGTGGTATG 844 
DNA-R r GGTACCGAGCTCTCAGCAAGAAACCAAC 
Agrobacterium (AGL1)  VirC f GCCTTAAAATCATTTGTAGCGACTTCG  730 
VirC r TCATCGCTAGCTCAAACCTGCTTCTG  
Antibiotic selection (NPTII) NPTII f TGATTGAACAAGATGGATTGCACGC  620 
NPTII r GATGAATCCAGAAAAGCGGCCAT 
BBTV DNA-S  DNA-S f TGTTCAGACAAGAAATGGCTAGG 527 
DNA-S r TCAAACATGATATGTAATTCTGTT 
Transgene check with BBTV Rep BBTV Rep f TGGTATATCAAGTGGAGAGGGG 860 
BBTV Rep r CCAGCTATTCATCGCCTTGG 
GFP  35S-int-f AGGAAGGTGGCTCCTACAAATGCC 600 
pART-Test 7r TACAGCTCGTCCATGCCGAGAGTG 
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Figure 3-1: Diagrammatic representation of the native and mutated Rep construct 
cassettes. The approximate location of the point mutations in the Rep gene is indicated by 
the arrows.  
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Mature embryos were selected from independent clusters and transferred to 
embryo germination media (M4) (Appendix 1) augmented with both 200 mg/L Timentin® 
and 100 mg/L kanamycin, where they were maintained for three months, with subculturing 
monthly. To establish whether there were differences in germination between the mutated 
Rep constructs, the transformation controls and the wild type untransformed cells, data 
were taken at the onset of germination for mutated Reps and the controls. Germinated 
embryos were transferred to shoot elongation media (M5) (Appendix 1) and maintained for 
four weeks prior to multiplication. Since multiplication rates for the constructs varied, 
acclimatisation and subsequent virus challenges were staggered. Following multiplication, 
plants were transferred to rooting media (Appendix 1) in preparation for acclimatisation. 
3.2.4 Visualisation of green fluorescent protein (GFP) expression 
The plates containing cells transformed with pART-Test 7 were visualised using a 
Leica MZ12 stereomicroscope with a GFP-Plus fluorescence module 4-7 days after washing 
and plating on BL with selection. When plants started to regenerate, tissue containing 
chlorophyll was viewed using the same microscope with the addition of a barrier filter 
(BGG22, Chroma technology) to remove red auto-fluorescence. If visualisation in the roots 
was required, the green barrier filter was removed. 
3.2.5 PCR screening of transgenic plants 
Prior to multiplication, the putative transgenic plants were screened for the 
presence of the transgene by PCR (section 2.2.2) using transgene-specific primers (Table 
3.1). Plants were also tested for the presence of A. tumefaciens contamination using virC 
primers (Table 3.1). Sampling of plant tissue and DNA isolation was carried out as described 
in section 2.3.1. The PCR products generated using the DNA-R major ORF specific primers 
were cloned into pGEM-T-Easy® vector and sequenced as previously described (2.2.14) to 
confirm the presence of the correct native/mutant Rep sequence 
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3.2.6 Reverse transcriptase PCR to assess gene transcription 
RNA extraction from transgenic mother plants was carried out as described in 2.3.2 
while reverse transcription and cDNA synthesis were carried out as described in 2.3.3. 
3.2.7 Acclimatisation of tissue cultured banana plants 
For acclimatisation, plantlets were de-flasked and washed in copious amounts of 
water to remove any media that may have adhered to the roots. They were then potted into 
seedling tubes using Searles® Seed Raising Mix (www.searles.com.au), placed in plastic tubs 
covered in clear plastic film to maintain high humidity and incubated in a plant growth room 
at 27 °C with a 16 h photoperiod and light intensity of 300 µmol m-2sec-1. The plastic film 
was removed after two weeks and plants transferred into 152 mm pots containing Searles® 
Premium Potting Mix and 1 g/L Osmocote Plus slow release complete nutrient fertiliser 
(Scotts Australia Pty Ltd, Baulkham Hills, NSW). Samples were taken from 4 wk old plants for 
further PCR analysis for the presence of the transgene and A. tumefaciens contamination as 
described in section 3.2.5.  
3.2.8 Rearing and maintenance of viruliferous aphid colonies 
A colony of viruliferous black banana aphids (Pentalonia nigronervosa) was 
maintained in a Conviron A1000 plant growth cabinet at 27 °C on plants displaying 
symptoms of bunchy top and which had tested positive for BBTV with PCR. To generate 
newly infected plants, 20 aphids feeding on a known BBTV-infected plant, were transferred 
to a healthy Cavendish banana plant using a thin wet camel’s hair brush. Prior to transfer, 
the aphids were gently disturbed with the brush causing them to retract their stylets. They 
were then transferred to the new host plant and kept at 27 °C in a Conviron A1000 plant 
growth cabinet with a 16 h photoperiod.  
3.2.9 Inoculation of putative transgenic plants with BBTV 
Eight week old plants were inoculated with viruliferous aphids in a randomized 
complete block design. At least 20 aphids that had been feeding on a BBTV-infected banana 
plant were transferred to each test plant. Following the virus transmission period, plants 
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were sprayed with a systemic insecticide Confidor® at the recommended rate to kill the 
aphids. 
Since multiplication was not uniform within and between lines for each construct, 
virus challenges were staggered and done as two separate experiments. In the first 
experiment, viruliferous aphids were allowed to feed on plants for two weeks before they 
were killed. Plants were inspected for symptoms at 4 wks after aphid killing and leaf samples 
were collected for PCR analysis. In the second experiment, however, the aphids were 
allowed a virus transmission period of 5 wks and inspected for symptoms 4 wks after killing 
the aphids The plants were re-inoculated with aphids, fertilised with Aquasol, inspected for 
symptoms after a further 4 wks and leaf samples collected for PCR analysis at 4 wks post 
aphid killing. At eight weeks following killing of aphids, plants were again inspected for 
symptoms.  
3.2.10 PCR analysis for the presence of BBTV  
To confirm the presence of BBTV, DNA was extracted from plants and subjected to 
PCR using primers specific for BBTV DNA-S (Table 3-1). The PCR conditions were as 
previously described (2.1.1) with an annealing temperature of 62 °C. 
3.3 Results 
3.3.1 Preparation and construction of the ubi-rep-nos expression cassettes 
The mutated Rep constructs, cloned into the pGEM3Z expression vector, were 
obtained from previous researchers. To generate the BBTV native Rep construct, the BBTV 
Rep was amplified from DNA extracted from an infected plant and cloned into pGEM3Z 
between the ubi promoter and nos terminator. For A. tumefaciens transformation, the 
expression cassettes needed to be excised from the pGEM3Z vector and ligated into the 
binary vector pCAMBIA 2300. Restriction digest analysis was carried out by cutting the 
pGEM3Z into two fragments using Sca1 and releasing the expression cassette using HindIII 
and EcoRI restriction enzymes. 
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The pGEM3Z vector backbone is 3 kb and the expression cassette is also 3 kb. 
After restriction with the above enzymes, three fragments of 1.7 kb, 1.3 kb and 3 kb were 
released which represent the vector backbone (1.7 & 1.3 kb fragments) and expression 
cassette (3 kb fragment), respectively (Fig 3-2). 
The expression cassette fragments were excised from the gels and cloned into 
pGEM-T-Easy® vector for sequencing to confirm the integrity of the sequences. The cassettes 
were subsequently ligated into a HindIII and EcoRI-digested binary vector pCAMBIA 2300. 
3.3.2 Transformation and regeneration of banana plants  
Banana ECS were transformed with the H41G, Y79F and K187M constructs, as well as 
the native BBTV Rep constructs, using Agrobacterium–mediated transformation. Non-
transformed ECS were also included as wild type (WT) controls. The GFP reporter gene (in 
pART-Test 7) was included as a transformation control. At three days post-transformation, 
numerous green fluorescent foci were observed in cells transformed with the GFP reporter 
gene control indicating successful transformation (Fig 3-3). The cells exposed to A. 
tumefaciens, as well as some of the non-transformed WT controls, were placed on BL media 
with selection for 12 wks and were then transferred to embryo formation and maturation 
media (M3) for a further 12 wks (Fig 3-4 A and B). As a control, some WT cells were placed 
on media without antibiotics. After 12 weeks, all of the WT cells placed on selective media 
became necrotic and eventually died. In contrast, most of the cells transformed with the 
Rep constructs that were growing on M3, as well as the WT controls growing on media 
without selection, had begun to form creamy white embryos with a translucent tip when 
observed under the stereomicroscope. The embryos were transferred to embryo 
germination media (M4) for 4 wks (Fig 3-4C) after which the germinating embryos were 
individually transferred to plates containing shoot elongation media (M5) for a further 4 wks 
(Fig 3-4D) during which time most of the embryos developed into plantlets (Fig 3-4E). 
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Figure 3-2: Restriction digest of the expression vector pGEM3Z containing H41G, Y79F and K187M mutated Rep constructs as well 
as the native Rep. The pGEM3Z vector was digested into two fragments using Sca1 for ease of visualisation while HindIII and EcoRI 
enzymes released the 3 kb Ubi-rep-nos expression cassettes. Lane M: Bioline Hyperladder1 MW marker. 
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3.3.3 Molecular characterisation of putatively transformed plants 
A total of 78 plants were regenerated from the ECS transformed with the Rep 
constructs and the pART-Test 7 control. To test for the presence of the respective 
transgenes, total DNA was extracted from the leaves of the putative stably transformed 
plantlets growing on M5 media (Section 2.4.5) and used in a PCR with transgene-specific 
primers (Table 3-1). To avoid detection of false positives due to the presence of residual 
Agrobacterium, samples were also PCR tested using virC primers. The plants were also PCR 
tested for the nptII gene which is located within the two T-DNA borders and should be 
transferred to the plant together with the transgene. Plants that were positive for nptII and 
the BBTV Rep but negative for virC were selected for multiplication (Fig 3-5A-C). As shown in 
Table 3-2, a total of 60 transgenic plants were identified following PCR analysis. Southern 
analysis to determine whether plants containing the same construct were independent 
transformants was not carried out at this stage. However, since there were six independent 
plates transformed per construct and embryos were selected from different plates as well 
as different parts of the plate, the chances of plants being independently transformed were 
considered high. Despite not knowing whether the plants containing the same construct 
were independent transformants, in order to differentiate these plants, they were 
designated as “lines” (e.g. H41G-5, H41G-8). 
RT-PCR, using transcript-specific primers, was also carried out on a representative 
replicate for each of the putative transgenic lines to assess transcription of the transgene. 
For all samples, one control reaction without reverse transcriptase was prepared to serve as 
a control for the presence of genomic DNA contamination. A product of approximately 
500bp the expected size was strongly amplified from each of the native Rep, H41G, Y79F 
and K187M transgenic lines as well as the positive control (Fig 3.6). No products were 
amplified in the control reactions. 
 
 
 
60 
 
 
 
 
 
 
 
 
 
 
Figure 3-3: Banana ECS examined under a fluorescence microscope three days after 
transformation with the reporter gene construct pART-Test 7 showing numerous 
green fluorescent foci. 
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Figure 3-4: Embryo formation (A), maturation (B), and germination (C) of banana ECS 
followed by shoot elongation (D), multiplication (E) and rooting (F) following 
transformation of banana ECS with mutated Rep, native Rep and pART-Test 7 constructs. 
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Table 3-2: Molecular characterisation of putative transgenic plants containing the mutated Rep cassettes, native Rep and GFP by PCR 
 BBTV Rep H41G Y79F K187M pART-Test 7 
Number of plants tested 19 20 19 14 6 
 
NPTII PCR positives 16 17 16 11 6 
 
Transgene PCR positives 11 16 16 14 6 
 
VirC PCR positives 0 0 2 0 0 
 
Transgene/NPTII positives (selected for further 
studies) 
11 16 16 11 6 
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Figure 3-5: Characterisation of putative Y79F transgenic plants by PCR using (A) BBTV-Rep primers (800 bp), (B) NPTII 
primers (600 bp) and (C) virC primers (600 bp). Lane M (Hyperladder1); Lanes 1 to 23 (Y79F putative transgenic plants), NTC 
(no template control) and Pos (positive control - pCAMBIA Y79F plasmid DNA) as template. 
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3.3.4 Inoculation of transgenic plants with BBTV 
The 60 transgenic plants were placed on multiplication media for between 4 to 12 
wks with the aim of multiplying at least 10 replicates per line for subsequent BBTV 
challenges. Following multiplication, the plants were placed on rooting media and were 
subsequently acclimatised (Fig 3-4A to F) in readiness for virus challenge. Due to the 
considerable amount of variation in the multiplication rate of the transgenic plants, the 
BBTV challenges were done as two separate experiments. 
Experiment 1 
The first virus challenge was done using the plant lines described in Table 3.3. At 
least 10 replicates of each line were used except for the one line transformed with BBTV 
native Rep, for which only four replicates were available, and line K187M-7 for which only 
five replicates were available.  
 
Figure 3-6: Characterisation of representative mother plants of the four different 
transgenic lines by RT-PCR. Lane M (Hyperladder 1 with the lane sizes in bp indicated), lanes 
1 to 4 represent K187M, Native Rep, Y79F and H41G transgenic lines, respectively, while 
lanes 5 to 8 are RTE negatives of the samples. Lanes 9 and 10 represent the NTC and positive 
controls, respectively. 
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Four weeks after killing the aphids, symptoms of bunchy top disease were observed 
on at least one replicate of all plant lines except those transformed with the native Rep, 
Y79F-7 and K187M-11. These symptoms consisted of small, dark green streaks on the 
petioles and mid-ribs. The WT control, GFP-1 and H41G-11 lines had the highest number of 
replicates showing symptoms (Table 3-3). After a further 3 wks, at least one replicate of all 
plant lines exhibited bunchy top symptoms, which included yellow leaf margins and the 
“morse code” streaking on the petioles and mid-ribs (Fig 3-7A and B). At this time point, line 
Y79F-11 had the greatest number of replicates showing symptoms (Table 3-3). After 9 wks, 
additional replicates from most lines started to show disease symptoms, while the 
symptoms on already infected plants became more pronounced and included bunching of 
the leaves, stunting and brittle leaves (Fig 3-7C). 
To gain a more accurate reflection of the BBTV status of the plants, at seven weeks 
after aphids were killed, all plants were tested for BBTV by PCR. Total DNA was extracted 
from leaf tissue of all plants and PCR was done using primers specific for the coat protein-
encoding genome component, DNA-S. A wild type Cavendish plant that had not been 
inoculated with viruliferous aphids was used as a negative control for PCR, while a known 
BBTV-infected plant was used as a positive control. No amplicons were obtained from the 
known healthy plant whereas the expected size amplicon of 600 bp was obtained from the 
known BBTV infected plant. In all samples taken from plants displaying BBTV symptoms, the 
expected size amplicon of 600 bp was obtained. Further, with the exception of replicates 
from lines GFP-1 and Y79F-2, there were some replicates from lines not showing symptoms 
which also tested positive by PCR at 7 weeks after insecticide application. However, these 
plants ultimately developed bunchy top symptoms by 9 wks post aphid killing with the 
exception of two replicates from line Y79F-10 and one replicate from line K187M-7. As 
shown in Table 3.3, two replicates from line Y79F-4 and one replicate from line K187M-9 
that were symptomless died during the experiment due to unknown causes and were 
therefore not tested for BBTV by PCR.  
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Experiment 2 
This experiment was carried out on the plant lines described in Table 3-4. In contrast 
to experiment 1, the viruliferous aphids were allowed to feed on plants for 5 wks prior to 
insecticide spraying. Four weeks after the aphids had been killed, no symptoms of bunchy 
top were observed on any plants including the controls. In an attempt to increase the 
infectivity rate, viruliferous aphids were again placed on all plants for a further two weeks 
before they were killed with insecticide.  
Four wks after the second application of insecticide, symptoms of bunchy top were 
observed on at least one replicate of the wild type control line, the Native Rep-1 line and six 
mutated Rep lines (H41G-10, Y79F-8, Y79F-9, Y79F-11, K187M-3 and K187M-4). These 
symptoms became more pronounced over time. After a further 4 weeks, disease symptoms 
were observed on some replicates in the GFP control line and line H41G-1, with further 
replicates of lines H41G-10 and Y79F-11 displaying symptoms. However, during the course 
of this experiment, no symptoms were observed on any of the replicates in mutated Rep 
lines H41G 3 and K187M1, nor the Native Rep-14 line (Table 3-4).  
All plants were tested for the presence of BBTV DNA-S four weeks after the second 
insecticide treatment. The controls included a healthy Cavendish plant as the negative 
control and a known BBTV-infected plant as the positive control. As expected, no 
amplification was obtained from the wild type negative controls while the 600 bp product 
was amplified from the known BBTV-infected plant. The expected size amplicon of 600 bp 
was also observed in all samples taken from plants displaying bunchy top symptoms. 
Additionally, two replicates of line Native Rep-14 which were not showing symptoms of 
bunchy top tested positive for BBTV by PCR (Table 3-4). These plants, however, eventually 
developed symptoms after 8 weeks following aphid killing. Importantly, no replicates of 
lines H41G-3 and K187M-1 showed symptoms and no plants tested positive for BBTV. For all 
other lines, there was at least one replicate per line that had symptoms of bunchy top or 
was positive for the presence of BBTV with PCR.  
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Table 3-3: Analysis of transgenic banana lines used in the first BBTV challenge. 
 # of replicates showing 
symptoms  
PCR +ve  
Banana line 4 wks 7 wks 9 wks 7 wks Dead (by 9 wks) 
WT (11)* 4 4 5 6 0 
GFP-1 (12) 4 6 6 6 0 
Native Rep-14 (4) 0 1 1 2 0 
H41G-11 (10) 4 5 7 7 0 
Y79F-1 (10) 3 4 6 6 0 
Y79F-2 (11) 2 7 7 7 0 
Y79F-4 (10) 1 3 4 4 2 
Y79F-6 (10) 2 5 7 7 0 
Y79F-7 (10) 0 2 4 4 0 
Y79F-10 (10) 3 4 6 8 0 
K187M-6 (10) 2 5 7 7 0 
K187M-7 (5) 1 2 3 4 1 
K187M-9 (10) 2 5 7 7 0 
K187M-11 (10) 0 4 5 5 0 
*The number shown in parentheses indicates the number of replicates used per line 
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Figure 3-7: Bunchy symptoms observed on banana plants following BBTV challenge. Chlorotic leaf margins (A) and morse-code 
pattern of green streaking on the petioles (B) were the earliest symptoms of bunchy top (observed 2-4 wks after killing the aphids). 
Stunted plants with bunched leaves (C (i)) were observed 9 wks after killing the aphids. A wild type non-infected plant (C (ii)) is shown. 
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Table 3-4: Analysis of transgenic banana lines used in the second BBTV challenge 
 # of replicates showing symptoms 
(after second inoculation) 
PCR +ve  
Banana Line 4 wks 8 wks 4 wks Dead (by 8 wks) 
WT (9)* 5 5 5 1 
GFP-2 (5) 0 2 1 3 
Native Rep-1 (7) 2 2 3 2 
Native Rep-14 (4) 0 0 2 0 
H41G-1 (8) 0 2 3 2 
H41G-3 (5) 0 0 0 0 
H41G-10 (6) 1 3 2 0 
Y79F-8 (8) 1 1 2 1 
Y79F-9 (4) 1 1 1 0 
Y79F-11 (8) 2 3 2 1 
K187M-1 (4) 0 0 0 0 
K187M-3 (6) 1 1 1 4 
K187M-4 (6) 1 1 1 0 
*The number shown in parentheses indicates the number of replicates used per line 
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3.4 Discussion 
In this chapter, a mutated Rep-mediated approach was used to investigate whether 
resistance to BBTV could be achieved in transgenic banana plants. The Rep protein was 
targeted in this study because, in both the gemini- and nanoviruses, it is the only viral protein 
that is required for DNA replication where it directs the replication of all the other components 
of the genome (Gutierrez, 2002). As such, interference with the function of the Rep through the 
introduction of mutations in key amino acid residues was expected to affect virus replication 
and perhaps prevent the virus from accumulating to high titres or moving systemically 
throughout the plant (Gutierrez, 2002). Further, Rep-mediated resistance has been studied in 
geminiviruses (Lucioli et al., 2003; Prins et al., 2008; Shepherd et al., 2009) and strategies using 
mutations in the origin of replication (ori) or NTP-binding sites of Rep have been applied to 
confer resistance to Geminiviridae in stably transformed plants. For example, high expression of 
a truncated TYLCSV Rep gene in stably transformed tobacco and tomato plants, resulted in 
resistance to TYLCSV (Brunetti et al., 1997), while Bean golden mosaic virus (BGMV) mutated 
Reps interfered with BGMV replication in a tobacco cell suspension system and abolished 
replication of African cassava mosaic virus (ACMV) in N. benthamiana protoplasts (Hanson and 
Maxwell, 1999) as well as conferring partial resistance in transgenic bean (Faria et al., 2006). 
Based on the successes using this strategy with the ssDNA geminiviruses and the fact that 
mutated Reps had previously been shown to abolish replication of BBTV components in banana 
cell suspensions, this study sought to generate stably transformed banana plants with mutated 
Reps for subsequent challenge with BBTV, to assess whether resistance to BBTV could be 
conferred in stably transformed bananas. 
In this study, three different mutated Rep constructs, H41G, Y79F and K187M, were 
assessed as transgenes while a native Rep, WT and GFP were used as controls. These mutations 
were targeted because previous research (Tsao, 2008)(Matt Webb, unpublished data) using 
banana ECS showed that the replication of the Rep-encoding BBTV DNA-R was suppressed in 
the presence of the BBTV Rep gene containing a mutation at Y79F, H41G, and K187M. As a 
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logical progression to potentially engineer resistance against BBTV in stably transformed 
banana plants, ECS of Cavendish banana were transformed with the three different mutated 
Reps with a native (non-mutated) BBTV Rep used as a control. The plants were regenerated and 
a total of 16, 16 and 11 lines of banana plants containing the Y79F, H41G, and K187M 
constructs, respectively, were generated and challenged with BBTV by exposure to viruliferous 
aphids in two separate experiments. It is important to note that plants in the second 
experiment were inoculated twice with viruliferous aphids. Although at least one replicate from 
most transgenic lines tested in both experiments developed symptoms of bunchy top disease 
and were shown to be infected with BBTV, no replicates from two lines, H41G-3, and K187M-1, 
ever developed disease symptoms and none tested positive for BBTV with PCR. As such, these 
two lines could potentially represent the first BBTV resistant transgenic banana plants 
generated by a mutant Rep strategy. 
Replication of viral DNA components of BBTV occurs by a rolling circle replication 
mechanism initiated by the multifunctional master Rep (M-Rep) protein which recognises the 
viral origin of replication and cleaves it at the TAGTATT'AC consensus sequence (Timchenko et 
al., 1999). This results in the covalent linkage of the M-Rep to the 5’ phosphate of the DNA 
strand forming a replication intermediate which is catalysed by Tyrosine 79 (Y79) (Timchenko et 
al., 1999). The Y79F mutation was investigated with the aim of interfering with replication by 
abolishing the formation of replication intermediates. In experiment one, all the six Y79F lines 
displayed symptoms of bunchy top. In addition, two of the lines had replicates testing positive 
for the disease with PCR using DNA-S primers but with no bunchy top symptoms but they 
eventually developed symptoms of the disease. Out of the six Y79F lines tested in experiment 1, 
five had a higher incidence of bunchy top symptoms compared to the WT, GFP and native Rep 
controls. An interesting observation was that one replicate from line Y79F-10 displayed no 
symptoms of bunchy top at nine weeks after aphids were killed, yet tested positive for BBTV by 
PCR. This replicate was exposed to viruliferous aphids a further three times within a 15 month 
period during which time the plant developed typical disease symptoms. The delay in symptom 
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development for the one Y79F-10 replicate could be analogous to a phenomenon that was 
observed in tomato plants stably transformed with a 210 bp truncated Rep of TYLCV, where the 
duration of abolition of replication, and thus delay in attenuation of viral symptoms, was 
related to the ability of the challenging virus to trigger the plant to silence the transgene (Lucioli 
et al., 2003). Although the mechanism of the delay or tolerance was not elucidated in the 
current study, it is worth noting that this one replicate only showed symptoms of bunchy top 
after a repeated exposure to viruliferous aphids over a prolonged period. In experiment two, all 
replicates of the three Y79F lines inoculated with viruliferous aphids displayed bunchy top 
symptoms and all tested positive for BBTV by PCR. Disease incidence was comparable to native 
Rep and GFP controls but not higher than the wild type plants. In summary, for both 
experiments, Y79F plants developed symptoms of bunchy top after inoculation with viruliferous 
aphids and were shown to be infected with BBTV. This suggests that the mutated Rep did not 
interfere with BBTV-DNA replication and thus was not successful in conferring any resistance to 
BBTV.  
The H41G mutation was investigated because histidine residues coordinate divalent 
metal ions during the base stacking of the stem loop sequence for DNA replication through the 
rolling circle replication in cssDNA viruses. When transgenic bananas containing the H41G 
mutation were challenged with BBTV in experiment 1, symptom development in these plants 
was higher than in the WT, GFP and native Rep control plants. In the second experiment, all 
lines had replicates showing symptoms and testing positive for BBTV with the exception of line 
H41G-3 for which no symptoms were observed on any of the five replicates and none tested 
positive for BBTV by PCR. Whether this line was truly resistant or whether the lack of infection 
was due to inefficient virus transmission by the aphid vector is unknown. The latter opinion 
might be favoured considering that (i) at least one replicate from all the other three H41G lines 
became infected, (ii) only five replicates of line H41G-3 were available for testing and (iii) the 
infection rate with the WT control plants was low (62.5%). However, further testing of 
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additional replicates of this line under higher inoculum pressure is clearly necessary and 
warranted in order to determine whether this line is resistant to BBTV. 
The K187M mutation converted the hydrophilic lysine residue of the ATPase domain at 
the Rep C terminus, to a hydrophobic methionine. The ATPase domain is thought to regulate 
cellular function during replication of the css DNA components of the virus. In experiment 1, all 
K187M lines had consistently more plants displaying bunchy top symptoms than the WT, GFP 
and native Rep controls, a possible indication that this mutation somehow made the plants 
more susceptible to the virus. In experiment two, however, the K187M plants had fewer plants 
displaying symptoms compared to the native Rep and GFP controls. This is despite the fact that 
the virus transmission period for this experiment was longer than in the first experiment which 
was shown by the high number of WT plants (75%) displaying symptoms of bunchy top. 
Interestingly, none of the four replicates of line K187M-1 showed any symptoms of the disease 
and none of the plants tested positive for the virus by PCR. As indicated previously, further 
testing of additional replicates of this line under higher inoculum pressure is clearly necessary 
and warranted in order to confirm that this line is resistant to BBTV or to determine whether 
the lack of infection in this line was a result of inefficient virus transmission. 
With the exception of two potentially resistant lines (H41G-3, and K187M-1), the results 
from this study are in contrast to the findings of Tsao (2008) who found that replication of BBTV 
DNA-C and DNA-R, in banana ECS co-bombarded with 1.1mers of the K187M Rep mutant (over 
expressed using the maize polyubiquitin promoter), was abolished four days post-
bombardment. The reason for the inability of most of the mutated Reps to confer any 
resistance to BBTV in this study was not established. However, although the transgene was 
present in all the plants challenged with the virus and transcription was also shown, it is 
possible that a threshold level of expression may be necessary to confer resistance. This was 
suggested with N. benthamiana plants transformed with a truncated TYLCV-Sr Rep gene to 
obtain resistance to TYLCV-Sr where not all plants with detectable transgenic Rep were 
resistant to the virus (Noris et al., 1996). The authors also observed that even with the plants 
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that had initial resistance, it was eventually overcome over time in most plants. It is important 
to note that the native Rep had a very low multiplication rate in vitro and consequently few 
replicates per line were tested. Interestingly, in the lines tested for both experiments, the 
native Rep plants had a consistently lower incidence of bunchy top following challenge with the 
virus when compared with the mutated rep plants. This observation needs to be investigated 
further in order to establish whether a non mutated Rep is more effective in abolition of 
replication of BBTV compared to the mutated Reps. 
Banana bunchy top disease poses a serious threat to banana production all over the 
world. There is no cultivar known to be resistant to BBTV as well as no known resistance in wild 
banana from which breeding parents can be derived. Conventional breeding to incorporate 
resistance to diseases in banana is extremely difficult since cultivated bananas have low fertility 
and do not produce seed and therefore genetic engineering is the method of choice in 
engineering resistance to BBTV. A significant outcome from this study was the generation of 
two potentially resistant transgenic banana lines (H41G-3, and K187M-1). If these lines are truly 
resistant, it would be interesting to study the effect of pyramiding all three mutations in a single 
construct on the replication of BBTV in stably transformed bananas. The investigation of 
alternative resistance strategies such as RNA interference (RNAi) or manipulating the plant’s 
inducible defences such as systemic acquired resistance (SAR), are also worth considering.  
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Chapter Four 
4 Investigating SAR-associated gene expression levels in tissue 
culture (in-vitro), glass house and field grown banana plants 
 
4.1 Introduction 
Plants are found in almost all natural environments despite having to contend with a 
range of biotic and abiotic stresses such as drought, cold, salinity, poor soils and pathogens. 
Since plants are sessile organisms, they have evolved sophisticated mechanisms to counteract 
these threats in order to survive as well as cope effectively with pathogen attack and herbivory 
(Maleck and Lawton, 1998). Most of the mechanisms developed by plants to cope with biotic 
stresses are morphological adaptations although they also rely on inducible defences activated 
in response to infection or attack (Mauch-Mani and Metraux, 1998). The inducible defences 
include systemic acquired resistance (SAR), induced systemic resistance (ISR), age related 
resistance (ARR) and wound induced resistance (WIR) (Ryals et al., 1996). Although the 
inducible defences initially result in a local response, systemic responses also occur which 
trigger responses in distal parts of the plant. The defence responses include reinforcement of 
the cell walls, formation of necrotic lesions around the site of pathogen entry, programmed cell 
death, synthesis of phytoalexins and accumulation of pathogenesis related (PR) proteins, all of 
which play an integral role in halting pathogen and herbivore/animal attack by limiting damage 
of the plant tissues (Dong, 2012).  
SAR is induced by the exposure of root or foliar tissues to abiotic or biotic elicitors and 
involves the phytohormone salicylic acid (SA). It is also associated with the accumulation of 
pathogenesis-related (PR) proteins (Vallad and Goodman, 2004). Activation of PR genes is 
thought to involve SA (a key player in SAR) (Van Loon et al., 2006) while up regulation of PR 
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genes and subsequent expression of PR proteins is associated with plant resistance responses 
to various pathogens (Van Loon, 2009). PR proteins possess anti-microbial and anti-herbivore 
properties and are commonly used as markers of resistance (Broekaert et al., 2000). The action 
of PR proteins is thought to be through hydrolytic activities on cell walls, contact toxicity and 
defence signalling (Van Loon et al., 2006). Currently, 18 families of PR proteins (identified as PR-
1-18) have been described. PR proteins may be in the same family based on sequence 
homology, but differ in properties and biological activity. Although the expression of PR-1 is 
often used as a marker for SAR and is present in all plant species that have so far been 
investigated, its role is surprisingly the least understood among all the described PR proteins 
(Van Loon and Van Strien, 1999). 
Plants activate a large number of defense related genes which are not usually expressed 
under normal growth conditions (Glazebrook, 2001). Although the events following pathogen 
recognition are not well understood, defense responses are known to be regulated by a 
network of signalling pathways like the SA, JA and ET pathways. The genes involved in the SAR 
pathway have mainly been identified in Arabidopsis through mutant screening (Glazebrook, 
2005). Some of these genes include PAD4 and EDS1, which are required for activating SA 
accumulation in response to some SA-inducing stimuli (Zhou et al., 1998; Falk et al., 1999) as 
well as SID2 which encodes isochorismate synthase. Production of SA in response to pathogen 
attack has also been shown to require activation of EDS5 which encodes a MATE (multidrug and 
toxin extrusion) transporter family thought to be involved in SA biosynthesis (Nawrath et al., 
2002). Expression of EDS5 requires EDS1 and PAD4, therefore positioning it downstream from 
PAD4 and EDS1 in SA signalling. The plant protein NPR1 is necessary in SA signal transduction 
with subsequent production of PR proteins and development of SAR. NPR1 acts downstream 
from SA and exists as an oligomer in the cytoplasm when the SA levels are low. However, in 
elevated levels of SA, the NPR1 oligomers dissociate into monomers as a result of reduction of 
disulfide linkages that hold the monomers together (Dong, 2001; Dong, 2004). These 
monomers enter the nucleus, where they interact with TGA-type transcription factors which 
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are required for the activation of NPR1 leading to accumulation of antioxidants and thus 
elevated expression of NPR1 and PR-1 (Zhang et al., 2003; Dong, 2004). 
Although banana plants derived from tissue culture (TC) via micropropagation provide a 
source of high quality, disease-free planting material, they have been shown to be more 
susceptible to the fungal pathogen Fusarium oxysporum f. sp cubense (Foc) Race 4, than 
conventionally propagated bananas early after planting (Smith et al., 1998). There is also 
anecdotal evidence that TC bananas are more susceptible to Banana bunchy top virus (BBTV) 
infection than those planted from suckers (Prof. James Dale, pers. comm.). In addition, plants in 
the field are thought to be induced against biotic and abiotic stresses. The inducing agent either 
directly activates the defences or conditions the plant to express defences rapidly following 
pathogen attack, a phenomenon referred to as priming (Goellner and Conrath, 2008). It is 
possible therefore that the defence responses of plants derived from tissue culture are not fully 
primed/activated due to a lack of exposure to microorganisms and/or varying environmental 
stimuli under tissue culture conditions. As such, one might expect that the defence genes of 
plants growing in the field which are constantly exposed to a wide range of microorganisms and 
environmental conditions would therefore be highly expressed compared with those in plants 
grown under glass house and in vitro conditions. 
The aim of the work described in this chapter was to investigate this hypothesis by 
comparing the expression levels of one or more banana SAR genes in two different cultivars of 
banana plants exposed to varying environmental conditions namely; tissue-culture, glass house 
and field. The specific objectives of the research were to:  
i. Identify potential genes associated with SAR responses in banana 
ii. Investigate whether any differences in the level of expression of SAR genes occurs in tissue 
culture, glass house and field grown bananas from Lady Finger and Cavendish banana 
cultivars. 
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4.2 Materials and methods 
4.2.1 Plant samples  
The banana tissue used in this study was derived from Lady Finger and Cavendish 
banana cultivars growing in several different locations. Tissue culture samples were obtained 
from QUT CTCB Gardens Point laboratories while glass house samples were collected from 
plants growing at the QUT Carseldine campus. Field samples were either collected from plants 
growing at Rocksberg (south-east Queensland) or from Innisfail (north Queensland). Tissue 
culture and glass house samples were immediately frozen in liquid nitrogen and then processed 
as described in section 4.2.4.1, while the field samples were initially frozen in dry ice and then 
were stored at -80 °C until RNA extraction was carried out. 
4.2.2 Nucleic acid extraction 
For Northern analyses, RNA was extracted from banana tissue using the method 
described by Chang et al (1993), resuspended in DEPC-treated water and stored at -80 °C until 
required. For qPCR, the RNeasy® Plant Mini Kit (Qiagen, Germany) was used as described 
(4.2.5.1). For PCR, DNA was extracted from tissue using either the DNeasy® Plant Mini Kit 
(Qiagen, Germany) or a modified CTAB method as previously described.  
4.2.3 Identification and cloning of potential SAR genes  
For SAR gene isolation, PCR was carried using GoTaq Green® (Promega, USA) as 
described in section 2.2.2 using the primers described in Table 4.1. Amplicons of the expected 
size were purified from agarose gels using the Quantum Prep® Freeze ‘N’ Squeeze method 
(BIORAD, USA) and cloned into pGEMT-Easy® (Promega, USA) as per the manufacturer’s 
instructions. Single white colonies were selected, grown in 3 mL LB broth for 16 h and plasmid 
DNA was extracted as described in section 2.2.11. The presence of the correct size inserts were 
confirmed by digestion with EcoRI and comparison to molecular weight markers following 
electrophoresis through a 1% agarose gel. Plasmids with the expected size inserts were 
sequenced as described in section 2.2.14. The sequences obtained were edited to remove 
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vector sequences and compared to the NCBI sequence database using the BLASTN algorithm. 
Sequences which had significant homology to the target gene were selected for further studies. 
4.2.4 Northern analysis  
Total RNA (18 μg) was DNase-treated using the RQ1 DNase® system following 
manufacturer’s instructions and dissolved in RNA sample buffer (Appendix 1) then brought to 
500 μL volume with DEPC-treated water. Samples were heated at 65 °C for 5 min and chilled 
on ice for 2 min. RNA loading buffer, containing 0.25% bromophenol blue and 0.25% Xylene 
cyanol in 20% Ficoll dissolved in DEPC-treated water, was added prior to electrophoresis. The 
samples were electrophoresed through a 1% formaldehyde gel containing 1% agarose, 12.5 mL 
10X MOPS running buffer, MilliQ water and 35% formaldehyde at 100 V for 4 h. In addition to 
the test samples, RNA markers (Roche) as well as a no template control were also loaded. 
Northern blotting was carried out by first rinsing the gel in DEPC treated water for 5 min 
followed by equilibration in 20X SSC for 20 min. The RNA fragments were then transferred 
overnight to Hybaid® positively charged nylon membranes (Roche) using 20XSSC before the 
membrane was rinsed twice in 2XSSC and baked at 80 °C for 2 h. 
4.2.4.1 Synthesis of digoxigenin (DIG)-labelled nucleic acid probes  
PCR Digoxigenin (DIG) labelling reactions contained 200 μM dNTPs with a dTTP/DIG-11-
dUTP at a ratio of 19:1 (PCR DIG labelling mix from Roche), 10 ρmol of each primer, 0.5 U of 
Expand® polymerase (Roche), 1X buffer and 1 μL of appropriate previously synthesised banana 
cDNA (see 4.2.5.2) to a final volume of 20 μL. PCR conditions were as previously described in 
2.2.2 and the products analysed by agarose gel electrophoresis, recovered using Quantum 
Prep® Freeze ‘N’ Squeeze and stored at -20 °C. 
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Table 4-1: Primer sequences used for the amplification of putative SAR genes 
Gene Target Strand Sequence (5’-3’)a Amplicon size (bp) 
Non-expressorof PR-1(NPR 1) F GGAGCATCGTATTCCGGGAG 296 
 R GGCTGACCAGCTCGGAGATTTG  
Pathogenesis related protein 1 (PR 1) F CAGCTTTGGCTATGCTCTCCG 462  
 R TGATGAAGATGGCCGCTG  
Suppressor of npr1 inducible (SNI1) F TCTGTTYAWGKRBMTTGHTSAGT 693 
 R CCWGAAAGGCATGVSCVAKRGA  
SA induction deficient 2 (SID2) F GGGATGATKMACTYTCTTGGAC 765 
 R CCAAYAGGTGCATACATTCC  
Pathogenesis related protein 3 (PR3) F GTCACCACCAACATCATCAA 150 
 R CCAGCAAGTCGCAGTACCTC  
Enhanced disease susceptibility 1 (EDS1) F CDGGYGCYRTTCARWTRC 691 
 R GCAATRTCHARRCGCTCAAC  
Enhanced disease susceptibility 5 (EDS5) F GTTGCTCAAAGTGCWAGTCTWG 385 
 R ADBCMTMASCTGRWGAGCDC  
Enhanced disease resistance 1(EDR1) F TACHGGGAHTAYAACTTTCTTG 1399 
 R CCAAAGCTGTAAARATCACAC  
Pathogenesis related protein 5 (PR5) F CCTCAGTTACTCACCG 280 
 R GACATAGGCAAGTTGAAGC  
Mitogen activated protein kinase 4 (MPK4) F GTTCCTCCWMTTCGBCCHRTCG 441 
 R ACCTGCAAATTGCTNGGYTTYAA  
a Mixed base codes are as follows; R(AG), Y(CT), M(AC),K(GT), A(GC), W(AT), H(ACT), B(GCT), V(AGC), S(GC) and D(AGT) 
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4.2.4.2 Pre-hybridisation, hybridisation and signal detection  
Prior to hybridising, the membrane was inserted into the hybridisation bottle and 10 
mL of DIG Easy Hyb® solution (Roche) added to the nylon membrane, and incubated for 1 h at 
50 °C. The DIG labelled probe (10 μL) was denatured at 95 °C for 5 min then quenched on ice 
for 2 min and mixed gently with pre-heated DIG Easy Hyb® solution (Roche). The hybridising 
nylon membrane was incubated at 50 °C overnight with continual rotation. Following the 
overnight incubation, the DIG labelled membrane was washed twice in low stringency buffer 
for 10 min at room temperature (RT) followed by three high stringency washes for 15 min at 
50 °C with agitation. The salts were removed from the membrane by washing twice for 5 min 
with Maleic acid washing buffer/0.03% Tween 20 at 50 °C followed by blocking for 1h in skim 
milk powder/Maleic acid solution at RT with agitation. Anti-DIG Fab fragments (Roche) were 
added to the blocking solution to a final dilution of 1:16000 and incubated for a further 30 min 
with gentle agitation. The membrane was washed twice in Maleic acid wash buffer at RT for 15 
min and equilibrated in detection buffer for 5 min at RT. CDP-Star chemiluminescence 
substrate (25 mM) diluted 1:100 with detection buffer was subsequently overlaid onto the 
membrane and incubated for 5 min before sealing between two clear plastic sheets and 
exposure to autoradiograph film (Curix Ultra UV-G AGFA) for between 5 s to 16 h. 
Following exposure, the membrane was developed by agitation in developer solution in 
the dark for 2 min followed by fixing in the fixer solution in the dark for 5 min with washing in 
distilled water after development and fixing.  
4.2.5 Quantitative Real Time PCR (qPCR) 
4.2.5.1 RNA extraction 
Approximately 100 mg of tissue from the youngest fully unfurled banana leaf was used. 
Tissue disruption and homogenisation was done with two 30 s bursts in the Tissue lyser II 
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(Qiagen, Retsch®) at a frequency of 30 rotations per second. RNA extraction was performed 
using the RNeasy® Plant Mini Kit (Qiagen) as described (section 2.3.2). The purity of the RNA 
was determined by the A260/A280 and A260/A230 absorbance ratios obtained using a 
NanoDrop® (Thermo Scientific) spectrophotometer. DNase treatment of RNA extracts was done 
using either the On-Column DNase® digestion (Qiagen, Germany) as described in section 2.2.3 
or using the RQ1 DNase® system (Promega, USA) following the manufacturers’ instructions. 
4.2.5.2 First strand cDNA synthesis 
First strand cDNA synthesis was carried out using the MMLV reverse transcription (RT) 
system (Promega, USA) following the manufacturer’s instructions as described in section 2.3.3, 
with oligo-dT primer used for all cDNA synthesis reactions.  
During the cDNA synthesis for the final PR-1 qPCR experiments, two sets of cDNA 
synthesis reactions were prepared; the first set contained reverse transcriptase enzyme (RTE) 
while the second set contained no RTE and was referred to as the ‘RTE negative’ set. This 
second set served as a control to check for the presence of genomic DNA contamination. 
4.2.5.3 Primer design, optimisation, reference gene normalisation, and detection in qPCR  
PCR primers were designed using the DLux® primer design software (Invitrogen, USA) 
or NCBI Primer BLAST® based on sequences obtained from GenBank (Table 4-2). Real time PCR 
was carried out using 10 μL of 2XGoTaq® qPCR master mix (Promega, USA), 0.5 μL forward and 
reverse primer, 5 μL of 1:5 dilution of cDNA obtained in the reverse transcription step 
(equivalent to 25 ng of template) and 4 μL of RNase-free water to make up to the desired 
volume. The thermal cycling conditions were an initial hot start activation of 95 °C for 2 min 
followed by 40 cycles of denaturation at 95 °C for 15 s, annealing at 54 °C for 20 s, extension at 
72 °C for 20 s and a further 80 °C for 2 s, with fluorescent measurements acquired at 54 °C, 72 
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°C and 80 °C and designated as cycling A, B and C, respectively. This was followed by a melting 
gradient starting from 62 °C to 95 °C with a heating of 1 °C/s and continuous fluorescence 
measurements. Reaction fluorescence was measured with an excitation wavelength of 470 nm 
and a detection wavelength of 510 nm after each extension step and at each 1 °C increment 
for the melt profile. 
During primer optimisation experiments, each primer set was tested in combinations of 
concentrations ranging from 0.05 μM - 0.2 μM to determine the optimal concentration for both 
the forward and reverse primers. Efficiency of all primer sets was determined by amplifying a 
seven log dilution of cDNA and plotting of a standard curve on the Rotor-Gene® Q (Corbett-
Qiagen, Australia) thermal cycler. 
For qPCR reference gene normalisation studies, three plants each of tissue culture, glass 
house and field grown bananas were used, as well as three BBTV-infected bananas and a 
healthy control. The cycle threshold (CT) obtained following qPCR was transformed to linear 
scale expression quantities using the ΔCT method, and subsequently used to determine the 
stability values of the candidate reference genes using NormFinder® reference gene 
normalisation software (Andersen et al., 2004) 
Real time PCR (qPCR) for the detection of Ubi-1 (reference gene) and PR-1 was carried 
out as described (4.2.4.3) using the optimised primer concentrations. Samples were tested in 
duplicate for Ubi-1 and in triplicate for PR-1. CT values obtained following qPCR were subjected 
to the ΔCT method for calculation of PR-1 expression (fold change) relative to Ubi-1. When the 
expression ratios were obtained, an average expression of PR-1 per cultivar per growth 
condition was calculated for the three experiments. 
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Table 4-2: Target gene-specific primer sequences for qPCR 
Primer Name GenBank 
Accession No. 
Strand Sequence (5’-3’) Amplicon size 
(bp) 
Pathogenesis related protein 1 (PR1) EF055881.2_336 F CGTGTTTACTACGACTACAACAGCAACACG 83 
  R GACGAACGCCACACCACCTG  
Non-expressorof PR-1 (NPR1) EF137717.1_1451 F CGGTTTTAGGGTCTACCAGCAACCG 103 
  R ATTCGTGCCAGATGCTCTTCCT  
Poly-ubiquitin 1 (Ubi-1) Z93118.1 F GTCCCTAACCCTTTTGGGCTG 81 
  R AGGGAATTTCCAACGAACACCAA  
Glyceraldehyde -3- phosphate de-
hydrogenase (GAPDH) 
AY821550.1 F ATCTTTGATTGCCAAGGCCGG 87 
  R TGAGCTGTAACCCCACTCGT  
Elongation factor 1 alpha (EF1-α) DQ057979.1 F AGGATGGGCAGACTCGAGAG 71 
  R ATTTGGGGGTTGGCATCC  
18S rRNA (18S)  EU433924.1 F TGCGTGCCTGGCCTTAAC 80 
  R TGGGCTTGCTTTGAGCACTC  
Actin-1 AF285176.1 F GATTCTGGTGATGGTGTGAGC 93 
  R ATAATCCAGCGCAACGTAGG  
 
85 
 
 
 
4.3 Results  
4.3.1 Amplification of potential SAR marker genes in banana 
To investigate whether known SAR genes would be a useful marker for analysing SAR 
responses in banana, attempts were made to amplify a total of ten genes commonly involved in 
plant SAR responses (Table 4.1). For PR-1 and NPR1, PCR primers were designed based on 
published banana-derived sequences. However, for the remaining eight SAR gene targets, 
sequences were only available from rice, tobacco and Arabidopsis. For these targets, the 
sequences were aligned and degenerate primers were designed using the most highly 
conserved regions. 
Using banana leaf DNA as a template, a product of the expected size of 600 bp was 
amplified using the control banana actin primers (Fig. 4-1). Using primers to amplify the ten 
potential SAR marker genes, the expected size products of 300 bp and 450 bp were only 
amplified using the NPR1- and PR-1-specific primer pairs, respectively (Fig. 4-1). The two NPR1 
and PR-1 amplicons were cloned and sequenced, and analysis of the sequences revealed at 
least 83% sequence identity to published Musa NPR1 and PR-1 sequences. No products were 
amplified using primers designed to amplify EDS1, EDS5, EDR1, PR3, PR5 and SNI1. For SID2 and 
MPK4, products of an unexpected size were amplified and sequence analysis revealed the 
amplification of non-target sequences. Based on these results, the PR-1 and NPR1 SAR genes 
were targeted for further study. 
 
 
 
 
86 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-1: PCR amplification of putative SAR genes, NPR1 (1 and 2) and PR-1 (3 and 4), as well as 
Actin-1(4 and 5) as the housekeeping gene yielding approximately 300, 450 and 600 bp amplicons, 
respectively, from banana (Cavendish) DNA. M is Hyperladder-1 while NTC represents the no 
template control. Representative samples were loaded in duplicate. 
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4.3.2 Northern Analysis 
To investigate the levels of NPR1 and PR-1 gene expression in Cavendish banana, total 
RNA was extracted from plants growing under different conditions and was subjected to 
Northern analysis using gene-specific probes. In a preliminary experiment, RNA was extracted 
from the leaves of eight banana plants including two each growing in tissue culture, the glass 
house and the field as well as from a BBTV-infected and healthy Cavendish plant. As a control, 
blots were initially hybridised with probes to detect the housekeeping gene targets, 18S and 
Actin-1. In both cases a strong hybridisation signal (Fig. 4-2) was detected thus validating the 
experimental system. However, when the blots were hybridised with probes for the detection 
of either NPR1 or PR-1, no hybridisation signals were detected (Fig 4-2). This was an indication 
that either the gene transcripts were not present or they were present but at a level too low for 
detection by Northern analysis. To further investigate this, a more sensitive method for 
transcript detection, namely qPCR, was investigated. 
4.3.3 Detection of NPR1 and PR-1 transcripts by qPCR  
4.3.3.1 Primer design and optimisation  
For the development of a qPCR assay amplification of products of between 80 and 150 
bp was sought. Further, for relative expression analysis, normalisation of the gene of interest 
expression data against a reference gene is required. In this study, Ubi-1, EF1-α, 18S, Actin-1 
and GAPDH were investigated as suitable reference genes. Whereas 18S rRNA and GAPDH are 
commonly used reference genes for qPCR in plants (ref), Ubi-1, EF1-α and Actin-1 were 
included as potentially new reference genes for banana. Primers to amplify the reference 
genes, as well as the two SAR genes (PR-1 and NPR1), were subsequently designed based on 
available GenBank sequences from Musa. 
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Figure 4-2: Northern blot for detection of 18S (A) after 7 min exposure and PR-1 probe after 7 
min exposure (B) in total RNA extracted from leaf tissue of Cavendish banana. Lane M = RNA 
markers (Roche) and lanes 1-9 represent; (1) no template control, (2,3) tissue culture, (4,5) glass 
house, (6,7) field grown, (8) known BBTV-infected plant and (9) a healthy plant. 
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To determine the optimal concentration of primers for the qPCR assays, reactions 
containing different concentrations (between 0.2 and 0.05 µM) of both the forward and reverse 
primers were assessed by real time PCR. This was done to determine the optimal amplification 
of the products through the fluorescence measurements and the cycle threshold (CT) where the 
amplification plot showed three distinct stages of background, exponential and plateau phases. 
The amplification efficiencies of both the reference and target genes were also determined by 
testing a seven log dilution of cDNA prepared from banana leaf RNA extracts and plotting of a 
standard curve (Fig.4-4). With the exception of NPR1 for which no amplification was observed, 
the optimal concentrations for the reference gene primers as well as for PR-1 were determined 
(Table 4-3). 
To confirm the specificity of each primer set, melt curve analysis was undertaken. When 
melt curve analysis was conducted for the seven primer sets, single peaks were obtained with 
PR-1 (Fig 4-3A) and the five reference gene primer sets (Ubi-1 shown Fig 4.3B), an indication 
that the primers amplified single products and were thus specific to the target. All five 
reference gene primer sets were thus selected for optimisation to determine a suitable 
reference gene for qPCR using banana leaf tissue. The presence of a curve with multiple peaks 
in melt curve analysis on the NPR1 PCR amplicons was indicative of the presence of non-specific 
products probably derived from the formation of primer dimers. Although new primer sets 
were designed for NPR1, no amplification was detected and thus all further experiments were 
conducted using PR-1 as the SAR gene. 
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Figure 4-3: Melt curve analysis for PR-1 (A) and Ubi-1 (B) for selected Cavendish 
samples for primer optimisation. The red arrows indicate the no template 
controls (negative controls) showing primer dimer formation. 
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Table 4-3: Optimised concentration and efficiency for the primers used for qPCR 
Target  Optimised concentration (F/R) (μM) Efficiency Correlation co-efficient (R^2) 
PR1 0.2/0.2 1.17 0.9853 
    
NPR1 0.2/0.1 N/A N/A 
    
Ubi-1 0.2/0.2 0.99 0.992 
    
GAPDH 0.2/0.2 0.86 0.993 
    
EF1-α 0.2/0.2 0.96 0.993 
    
18S  0.2/0.2 0.68 0.996 
    
Actin-1 0.1/0.1 1.09 0.977 
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Figure 4-4: Seven log dilution standard curve for reference gene Ubi-1 (A) and PR-1 (B) 
showing the efficiency (E) and correlation coefficient (R^2). 
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4.3.3.2 Reference gene selection 
For accurate and reliable relative gene expression analysis, normalisation of the gene of 
interest expression data against a reference gene was required. Therefore, RNA was extracted 
from leaves of banana plants growing in different environments (tissue culture, glass house and 
the field, as well as from plants infected with BBTV). Following DNase treatment, cDNA was 
synthesised and analysed using qPCR. The resulting cycle threshold (CT) values (Fig 4-5) were 
transformed to linear scale expression quantities using the ΔCT method, and this data was 
assessed for stability using NormFinder® software. Of the five reference genes studied, the 
stability values ranged from 0.789 (Ubi-1) to 1.842 (EF1-α) (Table 4-4). Since the Ubi-1 gene had 
a stability value closest to zero, as well as the lowest standard error in samples taken from 
plants growing in the different environments, it was selected as the reference gene for qPCR 
studies. 
4.3.3.3 qPCR detection of PR-1 and Ubi-1 in banana 
Following the optimisation of qPCR parameters for both PR-1 and the reference genes, 
and selection of Ubi-1 as the most stable reference gene, qPCR analysis was used to investigate 
baseline PR-1 expression levels in banana. A total of 180 leaf samples including 90 from Lady 
Finger and 90 from Cavendish cultivars were obtained from each of banana plants growing in 
tissue culture (60 plants), the glass house (60 plants) and the field (60 plants). These samples 
were collected on three different occasions and analysed in three separate experiments. RNA 
was extracted and, as a preliminary assessment of RNA quality and extraction consistency, 
representative samples were visually assessed by agarose gel electrophoresis. In all samples, 
several bands of ribosomal RNA were observed with no apparent sign of degradation (Fig 4-6). 
The purity and concentration of the extracts was then assessed by spectrophotometric analysis. 
The 165 samples that had an A260/A230 ratio of at least 1.8 were used for subsequent cDNA 
synthesis. For all samples, one control reaction without reverse transcriptase was prepared to 
serve as a control for the presence of genomic DNA contamination. 
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When the control reactions (no reverse transcriptase) were used as a template for the 
detection of Ubi-1 by qPCR, no amplification was observed below 30 cycles (Fig. 4.7). In 
contrast, when the cDNA samples were used as template, amplification was observed in 20 or 
less cycles. This confirmed that genomic DNA contamination was not present in any of the RNA 
extracts. Each of the cDNA samples were subsequently tested in triplicate by qPCR for PR-1 and 
in duplicate for Ubi-1. Following qPCR, PR-1 expression ratios (fold change) were determined 
for all samples and normalised against the expression of Ubi-1. 
For the investigation into the expression of PR-1 in Lady Finger and Cavendish bananas 
grown under different conditions, tissue culture samples for the three experiments were 
obtained from QUT CTCB laboratories while glass house samples were obtained from QUT 
Carseldine glass house. For the field grown plants, samples for experiment 1 were obtained 
from Wamuran (SE Queensland) while plant samples for experiments 2 and 3 were obtained 
from Innisfail (North Queensland).  
When the expression of PR-1 in Lady Finger bananas was examined in experiment 1, the 
lowest PR-1 expression levels were found in field-derived samples although these were only 
marginally lower than the levels found in the samples derived from tissue culture and the glass 
house (Fig 4-8). This was in contrast to the trend observed in experiments 2 and 3, where the 
lowest PR-1 expression levels were seen in tissue culture plants followed by glass house and 
field-derived samples (Fig 4-8). In experiment 2, the expression of PR-1 in tissue-cultured Lady 
Finger banana plants was about two times less than of that seen in glass house-grown plants 
and about four times less than that seen in the field grown samples (Fig. 4-8). In experiment 3, 
the expression of PR-1 in tissue-cultured Lady Finger banana plants was about three times less 
that in glass house-grown plants and four times less than that seen in field grown samples (Fig. 
4-8). As a general trend, PR-1 expression in Lady Finger bananas in experiment 1 was 
consistently low across the growth conditions in comparison to the levels seen in experiments 2 
and 3. 
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When the expression of PR-1 in Cavendish bananas was examined in experiment 1, the 
lowest expression levels were seen in field-grown plants followed by glass house and then 
tissue culture plants (Fig 4-8). PR-1 expression in tissue culture samples was approximately five 
and ten times greater than PR-1 expression in the glass house and field grown samples, 
respectively. In experiment 2, the highest expression levels were again seen in field-grown 
plants (also seen in Lady Finger) but the next highest levels were seen in tissue-culture plants 
(approx. two times less) and then glass house-grown plants (approx. 8 times less). In 
experiment 3, glass house-grown plants had the lowest levels of PR-1 expression which was 
about seven times lower than that of both tissue culture and field grown plants (Fig. 4-8). 
Overall, Lady Finger tissue culture samples had lower PR-1 expression compared to 
Cavendish tissue cultured samples. However, PR-1 expression in glass house and field grown 
samples was higher in the Lady Finger cultivar compared to Cavendish. Cavendish glass house 
samples had the lowest expression which was consistent across the experiments. 
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Figure 4-5: Graphical representation of candidate reference gene CT values obtained following qPCR on 
cDNA from tissue culture (TC), glass house (GH), field grown (F) and BBTV-infected (BBTV) banana. 
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Table 4-4: Stability value and standard error output from NormFinder® for the five candidate 
reference genes 
Gene Stability value Standard error 
EF1-α 1.842 0.776 
Ubi -1 0.789 0.387 
GAPDH 0.805 0.390 
18S 0.937 0.435 
Actin-1 1.596 0.680 
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Figure 4-6: Agarose gel for visual assessment of RNA integrity in representative extracts. Lanes 1 to 5 represent 
Cavendish field samples while lanes 6 to 10 represent Lady Finger field samples. Lane M contains Bioline 
Hyperladder1 MW size markers. Representative sizes (bp) are shown on the left 
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Figure 4-7: Amplification curve (A) and melt curve analysis (B) of selected cDNA and RTE 
negative samples for Ubi-1. The red arrow indicates non-specific amplification of RTE 
samples in later cycles while the blue arrow indicates cDNA samples that amplify 
between approximately 15 and 20 cycles indicating that there was no contamination of 
RNA extracts. The green arrow shows the peaks of the RTE negative samples in the melt 
curve which is an indication of non-specific binding or primer dimers while single cDNA 
peaks (a) indicate specific product formation. 
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Figure 4-8: PR-1 expression in leaf tissue of Lady Finger tissue culture (LTC), glass house (LGH), field grown (LF) and Cavendish tissue 
culture (CTC), glass house (CGH) and field grown (CF) banana plants for three independent experiments (E1, E2 and E3). For each of the 
experiments, n=10. Data show the mean ± sem. 
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4.4 Discussion  
The research described in this chapter was focused on the identification of a suitable 
marker gene to assess SAR levels in bananas growing under varying environmental conditions. 
Since inducible defences against banana diseases have not been studied extensively, the 
research initially focused on the identification of suitable SAR-associated genes in banana 
which could be used as a marker for defence responses. The SAR response cascade in the 
model plant Arabidopsis thaliana has been extensively studied (Glazebrook, 2001; Berrocal-
Lobo and Molina, 2008; Carr et al., 2010) with NPR1 and PR-1 being two of the most well 
characterised genes in the cascade. The expression of a PR-1 gene or protein is used as a 
marker for SAR since it is strongly conserved and present in all the plant species that have so 
far been investigated. PR-1 proteins have four α-helices and four β-strands as well as sharing 
strictly conserved residues. The sequence and structural similarity suggests that the PR-1 
family proteins must serve one or more important functions in the plant (Van Loon and Van 
Strien, 1999). In addition to NPR1 and PR-1, several other SAR genes have also been identified 
in Arabidopsis and other plants (Wildermuth et al., 2001; Nawrath et al., 2002; Glazebrook, 
2005). Based on the literature, a total of 10 potential SAR-associated genes in banana were 
targeted in this study. Since banana sequences for NPR1 and PR-1 were available from 
GenBank, specific primers were designed to amplify these two genes. However, since there 
were no banana sequences available for the remaining eight gene targets, degenerate primers 
were designed from an alignment of the GenBank sequences available from rice, tobacco and 
Arabidopsis. Only the NPR1 and PR-1 genes were able to be amplified from banana so these 
two SAR-associated genes were used in all subsequent experiments as markers for defence 
responses in banana. The inability to amplify the other eight genes was possibly due to too 
much degeneracy in the primers or lack of homology of the banana genes to those in rice, 
tobacco or Arabidopsis, which had been aligned from dicots (tobacco, Arabidopsis) and 
monocots (rice). The recent availability of the banana genome sequence will allow the design 
of specific primers which should increase the chances of amplifying other potential SAR genes 
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from banana for the study of the progression of an induced response in banana as these other 
genes are upstream of PR-1. 
The levels of expression of the PR-1 and NPR1 genes in tissue culture, glass house and 
field-grown banana plants were initially assessed by Northern analysis. However, despite 
successful detection of the Actin and 18S controls, the NPR1 and PR-1 transcripts could not be 
detected. Although the reasons for this were unknown, it was postulated that the transcripts 
derived from housekeeping genes would be considerably higher than those derived from SAR-
associated genes. Therefore, attempts were made to develop and assess a highly sensitive, 
quantitative real time PCR (qPCR) for the detection of NPR1 and PR-1 constructs. This had not 
been previously carried out and therefore optimisation and validation of this method was 
necessary. For quality control in a qPCR assay, design and validation is of great importance 
(Derveaux et al., 2010). Despite attempts to optimise and validate the parameters for 
detection of both PR-1 and NPR1, the presence of multiple peaks in melt curve analysis of 
NPR1 primers suggested a lack of specificity and therefore NPR1 was not included in the qPCR 
assays. However, since only three sets of primers were tested, it is possible that further 
testing might have resulted in amplification of NPR1. 
To reliably and accurately determine the expression of PR-1 in banana leaf samples, 
relative quantification was carried out. This involves the use of an endogenous control as an 
active reference gene for quantification of an mRNA of the gene of interest (Vandesompele et 
al., 2002). For a reference gene to be considered for relative quantification, its expression 
should be more abundant and constant in proportion to total RNA among the samples while 
its stability under different growing conditions (for example temperatures or presence of a 
pathogen) is important to allow changes in the gene of interest to be identified (Bustin and 
Nolan, 2004). Routinely used housekeeping genes may or may not be appropriate for relative 
gene expression studies using qPCR (Gutierrez et al., 2008), and therefore reference gene 
selection and optimisation was considered an important part of this qPCR study. For the 
selection of a stable and appropriate gene, a minimum of five reference genes were tested for 
stability. In qPCR studies involving plants, 18S rRNA (Maroufi et al., 2010) and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) reference genes are often used and were selected to 
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assess their potential use in banana qPCR. Poly ubiquitin 1 (Ubi-1) (Tong et al., 2009) and 
elongation factor 1-alpha (EF1-α) (Maroufi et al., 2010) were selected as potential new 
reference genes for banana qPCR based on their success in eukaryotic systems. Actin-1 was 
also selected as it is a housekeeping gene used in CTCB laboratory for other molecular biology 
applications, and has also been used in qPCR studies in coffee (Barsalobres-Cavallari et al., 
2009). 
The use of algorithms to determine the best reference gene to use under given 
experimental conditions has been well documented (Pfaffl et al., 2002; Vandesompele et al., 
2002; Huggett et al., 2005). NormFinder® (Andersen et al., 2004) was used for this study 
based on its simplicity, cost effectiveness and the fact that it is an “add on” in MS Excel. It 
provides the stability value as the output which intuitively combines the intra- and inter-group 
variation therefore representing a practical measure of the systematic error that will be 
introduced when using the investigated gene. Ubi-1 had a stability value closest to zero 
followed closely by GAPDH and 18S while EF1-α and Actin-1 had the lowest stability values. 
Although 18S had a stability value close to that obtained with Ubi-1, it is not recommended 
for qPCR studies using oligodT primers for cDNA synthesis since 18S rRNA does not have a 
poly-A tail. Additionally, 18S rRNA is a ribosomal RNA species which does not represent the 
overall cellular mRNA population. It is also highly expressed and may yield very small (<15) CT 
values, which is not desirable, especially when the target gene has very low expression levels. 
GAPDH has been used in many systems and this is evidenced by an almost similar stability 
value and standard error close to that of Ubi-1. However, it has been shown to have varied 
expression between tissue samples and cell types in mammalian studies (Suzuki et al., 2000) 
and therefore was not selected for this study. Although Actin-1 was routinely used as a 
housekeeping gene in other molecular biology applications in the laboratory, it was not 
suitable as a reference gene for qPCR studies based on the stability values. This was also 
demonstrated by Lilly et al, 2011 where the commonly used housekeeping gene Actin 8 was 
shown to be the least stable in an attempt to establish the best reference genes for 
expression studies in virus infected A. thaliana. Although EF1-α had the lowest stability value 
with banana leaf and thus could not be used in this study, it is interesting to note that it was 
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the most stable in the A. thaliana study underscoring the need for validation of reference 
genes for different plants and/ or tissue types. In light of these shortcomings, Ubi-1 was 
selected as the reference gene/normaliser for the rest of the study because it had a stability 
value closest to zero and the lowest standard error. However, for the study of gene 
expression in other tissue types of banana, reference gene normalisation is recommended 
(Czechowski et al., 2005; Bustin et al., 2009; Derveaux et al., 2010), since reference genes 
which are considered stable in one tissue type may behave differently in other different 
tissues of the same species (Vandesompele et al., 2002; Huggett et al., 2005; Derveaux et al., 
2010; Hruz et al., 2011). 
Following optimisation of the qPCR primers for PR-1 and the reference gene, qPCR was 
carried out on Lady Finger and Cavendish tissue cultured, glass house and field grown 
bananas. For relative quantification, the expression of PR-1 was normalised against that of 
Ubi-1 for each of the samples using the ΔCT method (Pfaffl, 2004). PR-1 expression in Lady 
Finger and Cavendish bananas was very low in experiment 1 compared to the second and 
third experiments which were consistent across the growth conditions. Lady Finger field 
grown plants had the highest expression of PR-1 in the study. It is important to note that 
although experiment 3 had a slightly lower PR-1 expression across the cultivars and growth 
conditions, the trend was similar to that in experiment 2. This suggests that the data is 
relatively reliable as these represent independent biological replicates sampled at different 
times. 
Among the tissue culture plants, Cavendish plants had a higher PR-1 expression 
compared to glass house plants which was in contrast to the hypothesis for this study where 
tissue culture plants were postulated to have little or no SAR gene expression since their 
environment is highly controlled and microorganisms are excluded during the tissue culture 
process. However, Lady Finger tissue culture plants, exhibited lower PR-1 expression levels 
compared to Cavendish as well as glass house and field grown samples from the same cultivar 
which was consistent with the hypothesis in that they had the lowest PR-1 expression and 
thus SAR compared to glass house and field grown plants. The trend observed with the 
Cavendish tissue culture samples was unexpected and further research is warranted. 
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However, it is important to note that Cavendish and Lady Finger cultivars have different 
genomes with the former being AAA and the latter AAB. Whether the B genome contributes 
to induced resistance can now be studied using the now completed banana sequence.  
Glass house plants were expected to have higher PR-1 expression compared to the 
tissue culture plants. However, in the Cavendish cultivar, the glass house plants had the 
lowest PR-1 expression compared to tissue culture and field grown plants while in glass house 
grown Lady Finger plants, PR-1 expression was intermediate to tissue culture and field grown 
plants as postulated at the beginning of the study. Again the trend in the Cavendish glass 
house samples was unexpected. Although the plants were in a semi-controlled environment, 
the soil used to acclimatise the plants from tissue culture was not sterile and micro-organisms 
were present and thus were expected to have their defence genes highly expressed compared 
to the tissue culture plants. It is also possible that the microorganisms and the transplanting 
stress did not actually activate the defences but conditioned the plant to express the defences 
following pathogen attack (Goellner and Conrath, 2008). Since the Cavendish glass house 
samples had the lowest PR-1 expression, they were considered good candidates for 
elucidating SAR in bananas with low PR-1 expression when treated with biological and 
chemical inducers of SAR which was investigated elsewhere in this thesis. 
Plants in the field are thought to be induced against pathogens as a result of continual 
interaction with their biotic and abiotic environment (Walters, 2009). PR-1 expression in field 
samples was thus expected to be higher than in the plants growing in controlled or semi-
controlled conditions. During this study, PR-1 expression in field grown plants was not 
constant across the experiment or between cultivars. This was not unexpected since defence 
gene induction in field plants is at varying levels with some plants having defences already 
activated, others primed, and still others displaying a mixture of these two responses (Pasquer 
et al., 2005). The fact that the field grown samples were collected at different times, from 
different plants and different sites where the biotic and abiotic environment was constantly 
changing, could explain the difference in PR-1 expression in the field grown plants between 
the two cultivars.  
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In conclusion, a qPCR method for relative expression of PR-1 in banana leaf obtained 
from Lady Finger and Cavendish cultivars growing under different conditions was developed 
and optimised. Establishing the baseline levels of PR-1 as a marker of SAR in non-treated 
bananas and identifying the most stable reference gene, were considered important in 
studying the induction of resistance which was investigated elsewhere in this thesis. 
Significantly, PR-1 was shown to be expressed in the two cultivars growing under different 
conditions. While PR-1 expression was highest in the field grown bananas and lowest in the TC 
bananas in Lady Finger cultivar as hypothesized at the beginning of the study, this was not the 
case in Cavendish with glass house plants exhibiting the lowest PR-1 expression compared 
with tissue culture and field grown plants. 
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Chapter Five 
5 Effect of potential activators of SAR on PR-1 gene expression in 
glass house- and field-hardened tissue-cultured Cavendish 
banana plants 
 
5.1 Introduction 
The use of micro-propagated (TC) bananas as planting material has the advantage of 
ensuring that planting material is free of pathogens and other destructive organisms such as 
nematodes. Despite this advantage, however, TC bananas are reportedly more susceptible to 
Fusarium wilt disease, and possibly other pathogens such as Banana bunchy top virus (BBTV), 
compared with traditional sucker planting material (Smith et al., 1998). It has been 
hypothesised in this thesis that this phenomenon is a result of elevated levels of SAR gene 
expression in suckers compared with TC bananas growing in a sterile environment. In the 
previous chapter the levels of PR-1, a marker associated with SAR in mother plants, were 
determined for Lady Finger and Cavendish banana cultivars growing in different physiological 
conditions. This research demonstrated that, although PR-1 expression levels were no 
different in plants in tissue culture and those collected from the field, the levels of PR-1 in 
plants acclimatised in the glass house were less than in the other two growth conditions. As 
such, increasing the levels of SAR-associated gene expression, such as PR-1, in tissue cultured 
bananas that have been acclimatised in the glass house might in turn increase their resistance 
to diseases such as Fusarium wilt and bunchy top.  
The induction of SAR in plants in order to reduce disease severity has been studied 
using two main approaches. One approach is to inoculate a plant with avirulent or non-
pathogenic isolates prior to challenge with a pathogenic isolate of a disease causing organism. 
In most cases, the most effective inducers of resistance are species which are physiologically 
or taxonomically related to the target pathogens. For example, the genus Fusarium contains a 
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large number of plant pathogenic species of special relevance to tropical crops (Waller and 
Brayford, 1990) where the species Fusarium oxysporum exists as a number of pathogenic 
special forms (formae speciales (f.sp) which cause vascular wilts of particular host plant 
genera. In a study examining induced resistance against Fusarium wilt caused by host-specific 
F. oxysporum infecting cabbage, tomato (Duijff et al., 1998), flax, asparagus (Blok et al., 1997), 
carnation (Lemanceau et al., 1992) and water melon (Alabouvette et al., 1993), non-host F. 
oxysporum were shown to be more effective inducers of resistance compared to fungi from 
other taxa.  
The second approach to increase SAR in plants has focused on the use of chemicals 
which are broadly categorised into either inorganic or synthesised organic compounds. 
Inorganic chemicals, such as phosphite- and phosphate-salts, have been shown to induce 
resistance when applied as a foliar spray under field conditions, although their mode of action 
is not well understood (Vallad and Goodman, 2004). Synthesised organic compounds which 
include analogues of ethylene, jasmonic acid (JA) and salicylic acid (SA) have also been used. 
The latter compounds are marketed as BABA (β-amino butyric acid) and ASM (acibenzolar-S-
methyl) (Anderson et al., 2006). ASM, a synthetic analogue of SA, has been the best studied 
resistance activator with application resulting in resistance in many crops against a broad 
spectrum of fungal, bacterial and viral diseases (Oostendorp et al., 2001). ASM is a water-
soluble compound dispersed in the field as a drench, and is marketed by Syngenta under the 
name BION® in Europe and Australia or Actigard® in the USA (www.syngenta.cropprotection-
us.com). BION® is systemically translocated in the plant where it mimics SA in the SAR signal 
cascade and induces the same set of molecular markers as SA.  
Fusarium wilt of banana, caused by F. oxysporum f.sp cubense (Foc), is one of the most 
devastating agricultural diseases of the past century (Ploetz, 2006). Four physiologically 
different “races” of Foc (referred to as Races 1-4) have been designated based on their ability 
to cause disease in different types of banana in the field. Races 2 and 3 are not economically 
important, as they do not infect commercially important banana cultivars. Foc Race 1, 
however, infects the commercially important Lady Finger (AAB) cultivar while Race 4 affects 
all the race 1 susceptible clones in addition to the Cavendish cultivars in subtropical regions 
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(and is therefore designated subtropical Race 4 (SR4). More recently, a new Foc variant called 
Tropical Race 4 (TR4) has been identified which affects Cavendish cultivars growing in tropical 
regions. This variant has been responsible for very significant plantation losses in south-east 
Asia, particularly Malaysia, Indonesia and Taiwan, and more recently, China and the 
Philippines (Ploetz 2006). There are currently no effective control measures for the disease 
other than establishing new plantations on virgin soil or by using resistant cultivars. These are 
not feasible, however, due to the diminishing amount of arable land and the lack of 
agronomically acceptable resistant cultivars. With the increased use of TC banana plants as 
propagating material and the increased susceptibility of these plants to Fusarium wilt and 
possibly other pathogens, there is an urgent need to increase the resistance of these plants. 
One such approach might be to increase the levels of SAR gene expression.  
The aim of the work described in this chapter was to determine whether PR-1 levels 
could be increased in these plants by exposure to known banana pathogens and non-
pathogens, and a known chemical inducer of SAR. Glass house-grown Cavendish banana 
plants were used for this study because, in the previous chapter, these plants were shown to 
have the lowest PR-1 levels compared to tissue culture- (in vitro) and field-grown plants. 
Plants in the field are also suspected to be induced against pathogen and other biotic stresses 
where their defences are activated/primed to respond rapidly to pathogen attack. As a 
consequence, glass house plants that were transferred to the field and exposed to the abiotic 
and biotic environment were also used in the study. The objectives of this chapter were to; 
i. compare the levels of PR-1 gene expression in Cavendish banana plants exposed to two 
banana pathogens, Foc1 (non-pathogenic on Cavendish) and FocSR4 (pathogenic on 
Cavendish),  
ii. determine the levels of PR-1 gene expression in Cavendish banana plants following 
exposure to two putative activators of SAR-associated genes, namely F. oxysporum fsp 
lycopersici (Fol) (a pathogen of tomato, but not banana) and the chemical BION® and 
iii. compare the performance of glass house hardened and field hardened tissue culture 
banana plants. 
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5.2 Materials and Methods 
5.2.1 Plant material 
A total of 100 tissue cultured, wild type Cavendish cv. Williams (Cavs) plants were 
acclimatised in a growth room as previously described (3.2.6). When the plants had reached a 
height of 20 cm, 50 were taken to an outside location at Moggill, Queensland, where they 
remained in pots but were subjected to the prevailing weather conditions. Moggill is located 
57 M above sea level with an average minimum and maximum temperatures of 8.8 °C and 
22.9 °C, respectively, as well as an average rainfall of 28.3 mm for the months of July, August 
and September. These “hardened” plants were designated tissue culture hard (TCH). The 
remaining 50 plants were kept in the growth room and designated tissue culture soft (TCS) 
plants. The TCS plants were watered twice a week while the TCH plants relied on rainfall for 
water. The plants were grown for three months in their respective locations. 
5.2.2 Treatments and experimental design 
To study the effect of pathogenic, non-pathogenic and chemical agents on the level of 
PR-1 expression, the TCH and TCS plants were exposed to (see following sections) (i) Fusarium 
oxysporum f.sp cubense sub-tropical Race 4 (FocSR4) which is host-specific to banana and 
pathogenic to Cavendish, (ii) Fusarium oxysporum f.sp cubense Race 1 (Foc1) which is host-
specific to banana but non-pathogenic to Cavendish, (iii) Fusarium oxysporum f.sp lycopersici 
(Fol) which is non host to banana and (iv) BION®. The control treatment for fungal inoculation 
was sterilised millet while the control treatment for BION® was distilled water. Ten plants per 
treatment were used except for the controls where five plants were used.  
5.2.3 Foc and Fol small plant bioassay 
Cavendish banana plants were inoculated with Foc1, FocSR4 and Fol using a small 
plant bioassay protocol (Paul et al., 2011). All fungal cultures were grown in sterilised millet 
grain and 20 mL of the fungal colonised millet (equivalent to approximately 2x108 spores) was 
used as inoculum by placing into soil directly beneath the plant roots during transplanting 
from 76 to 152 mm pots (section 5.1.3.2 below). 
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5.2.3.1 Fungal cultures and inoculum preparation  
Isolates of Foc1 and FocSR4 were supplied by Dr J-Y Paul while Fol isolate (accession 
number 16848a) was obtained from the Department of Employment, Economic Development 
and Innovation (DEEDI). All isolates were cultured onto quarter strength potato dextrose agar 
(PDA) plates augmented with 50 mg/L streptomycin and incubated at 24°C in the dark for four 
days (Fig. 5.1). To prepare fungal millet for inoculation, at least 500 mL of Japanese millet 
(Echinochloa esculenta) was rinsed thrice in tap water to remove dust and leaf debris and 
then soaked overnight in distilled water to soften the grain. Millet grain was rinsed again 
thoroughly using distilled water, steam sterilised at 95°C for 1 h under high pressure (ES-315 
Tomy autoclave) then rinsed again in distilled water. The softened millet was then dispensed 
into 2 L Erlenmeyer flasks and autoclaved at 121°C for 20 min then approximately five 25 mm2 
PDA plugs were excised from the leading edge of each fungal culture using a flamed scalpel 
and aseptically inoculated into the sterile millet grain (Fig. 5.1). Flasks were incubated at room 
temperature for 5 to 10 days and shaken daily to distribute the fungus evenly into the millet. 
5.2.3.2 Inoculation of banana plants with Foc and Fol colonised millet grain 
Potting mix for the assays was prepared by mixing 7 mm gravel, sand, perlite and 
vermiculite at a ratio of 2:2:1:1. The procedure for inoculating plants is shown in Figure 5-2. 
Pots (152 mm) were half filled with potting mix and 20 mL of the appropriate fungal colonised 
millet inoculum was placed on the surface. The acclimatised banana plants were carefully 
removed from their 76 mm pots and excess soil was removed to expose the roots. The 
exposed roots were then placed directly onto the fungal inoculum and the pots filled with 
additional potting mix. One tablespoon of Osmocote Plus® slow release complete nutrient 
fertiliser (Scotts Australia Pty Ltd, Baulkham Hills; NSW) was sprinkled over the soil. All plants 
were then placed in a growth room at 27 °C and 16 h photoperiod with a relative humidity of 
70%. 
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5.2.4 Treatment of banana plants with BION® 
BION® was supplied as a viscous liquid at a concentration of 500 g/L of ASM and was 
dissolved in distilled water to a final concentration of 0.02 g/L Plants were sprayed once with 
the BION® mixture on all above ground plant surfaces until drenching/runoff. Control plants 
were sprayed with distilled water and spatially separated from the BION®-treated plants to 
eliminate the possibility of cross contamination. 
5.2.5 Plant sampling and qPCR analysis 
Prior to any treatment (T0), ten banana plants were randomly chosen from which 
seven leaf discs (equivalent to approximately 100 mg of tissue) were each collected from the 
youngest leaf. These samples served as a control for PR-1 expression prior to treatment. At 12 
h, 24 h, 48 h, and 72 h post-treatment, leaf discs were taken in a similar manner from all 100 
plants (including controls). RNA extraction, DNase treatment, cDNA synthesis, qPCR and data 
analysis were conducted as described in sections 4.1.2 and 4.1.6. For qPCR experiments, each 
sample was assessed in triplicate assays for both PR-1 and Ubi-1 (internal reference gene; 
Table 5-1). For data analysis, PR-1 expression ratios (relative to Ubi 1 expression) were 
obtained for the controls and treatment samples at all time points as described in section 
4.1.5.3 and PR-1 expression in the treatment samples was then determined by using the 
expression of PR-1 in the controls as the baseline.  
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Figure 5-1: Preparation of fungal inoculum. Strips of filter paper containing the fungus (A) were 
cultured on PDA (B) and allowed to grow for 4 days (C) in the dark at 24°C. Plugs of the fungus 
were excised from the end of the growing mycelia (D) and inoculated into 500 mL sterilised 
millet in 2 L Erlenmeyer flasks (E). 
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Figure 5-2: Inoculation of banana plants using F. oxysporum isolates. Millet cultures were 
grown in 2 L Erlenmeyer flasks (A). The millet inoculum (20 mL) (B) was placed onto potting 
mixture (C) and the roots of the plant placed directly onto the millet (D). The pots were 
filled up with additional potting mixture (E) and then maintained in a growth room (F) for 
sampling. 
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5.3 Results 
To study the effect of pathogens and putative inducers of SAR on levels of PR-1 in 
Cavendish banana, 100 plants were analysed over a 72 h time course following treatment. All 
plant samples were subjected to nucleic acid extraction and cDNA synthesis, followed by qPCR 
assessment in triplicate for the Ubi-1 reference RNA target as well as PR-1. The total number 
of samples analysed using qPCR were 1,640 for Ubi-1 and 1,230 for PR-1. Ten of the original 
100 plants were selected at random for establishing the baseline PR-1 expression in the 
population. The PR-1 expression levels relative to Ubi-1 for both the glass house (TCS) and 
field acclimatized (TCH) banana plants in the untreated plants were 0.008 and 0.014, 
respectively. 
5.3.1 Effect of Foc treatment on PR-1 levels in tissue culture Cavendish bananas 
At 12 h post inoculation (hpi) with the non-pathogenic Foc1, PR-1 expression in TCH 
plants was approximately four times higher than that in TCS plants, at levels that were 120-
fold and 30-fold above baseline PR-1 expression, respectively (Fig 5-3A). This was followed by 
a sharp drop at 24 hpi to baseline levels for both sets of plants. At 48 hpi, PR-1 expression in 
TCS plants and TCH plants increased to 20-fold and 10-fold above baseline levels, respectively, 
with expression levels for both sets of plants returning to baseline levels at 72 hpi.  
Following challenge with the pathogenic FocSR4, the PR-1 expression pattern in TCH 
and TCS plants was very different to that seen in the non-pathogenic Foc1 challenged plants 
(Fig 5-3B). At 12 hpi, TCH plants showed an increase in PR-1 expression with levels of 80 times 
greater than background (Fig 5-4B). This was followed by a sharp decline in PR-1 expression to 
baseline levels throughout the remainder of the experimental period (at 72 hpi). In sharp 
contrast, the level of PR expression in TCS plants at 12 hpi was only <10-fold higher than 
baseline levels, but these expression levels gradually increased throughout the experimental 
period, reaching 20-fold above baseline at 72 hpi (Fig 5-3B). 
Irrespective of whether challenged with Foc1 or FocSR4, the TCH plants gave a 
substantially stronger initial response in terms of PR-1 expression. This initial response was 
approximately 50% stronger in the case of inoculation with the non-pathogenic Foc1 
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compared to the pathogenic FocSR4. Although baseline levels of PR-1 were observed at 24 hpi 
for both the pathogenic and non-pathogenic Foc races tested, a sustained response of 
elevated PR-1 expression in the order of 10- to 20-fold above background was observed using 
either TCS or TCH plants in the non-pathogenic Foc1 treated plants. This was not observed in 
TCH plants challenged with the pathogenic FocSR4 and the slow response time of TCS plants 
as measured by PR-1 expression did not reach these levels until 60-72 hpi (Fig 5-3B). 
5.3.2 Effect of putative SAR inducers (Fol and BION®) on PR-1 levels in tissue culture 
bananas 
When Cavendish plants were challenged with Fol, much higher levels of PR-1 
expression were observed in TCS plants compared with the TCH plants (Fig. 5-5A). TCS plants 
exposed to Fol showed a sharp increase in PR-1 expression at 12 hpi with a 70-fold increase in 
PR-1 expression compared to baseline levels. At 24 hpi, the expression of PR-1 in the TCS 
plants decreased to 20-fold above the baseline, before increasing to about 60-fold above 
baseline levels at 48 hpi. Expression levels then decreased to slightly above baseline (10-fold 
higher) at 72 hpi (Fig. 5-5A). In contrast, PR-1 expression in TCH plants at 12 hpi was only 15-
fold higher than baseline levels. This expression subsequently decreased to baseline levels at 
24 hpi, and remained at baseline levels for the remainder of the experimental period. In 
summary, PR-1 expression in TCS plants inoculated with Fol was five to seven times higher at 
all time points than in the TCH plants subjected to the same treatment. 
The putative chemical SAR inducer BION® had virtually no effect on PR-1 expression in 
either TCH or TCS plants (Fig. 5-5B). Although PR-1 expression in both TCS and TCH groups 
treated with BION® increased to less than ten times the baseline levels at 12 hpi, the levels in 
both groups of plants then dropped to the baseline levels at 24 hpi and remained steady at 
this level for the remainder of the experiment (Fig. 5.5B). 
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Figure 5-3: PR-1 relative expression (fold change) in Cavendish bananas following 
inoculation with Foc1 (A) and FocSR4 (B) at 12, 24, 48 and 72 hours. Zero hours 
represent baseline PR-1 expression prior to treatment where n=10 with each point 
representing mean of n samples per timepoint. 
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Figure 5-4: PR-1 relative expression (fold change) in Cavendish TCS and TCH plants 
following treatment with Fol (A) and BION® (B) at 12, 24, 48 and 72 hours. Zero 
hours represent baseline PR-1 expression prior to treatment where n=10 with each 
point representing mean of n samples per timepoint. 
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5.4 Discussion 
 
This chapter investigated the levels of PR-1 gene expression, a putative marker of SAR 
(Van Loon et al., 2006) in banana plants challenged with two Foc races pathogenic on 
different banana cultivars. Additionally, the ability of one potential biological and one 
chemical inducer of resistance, Fol and BION®, respectively, to induce SAR in banana was also 
investigated, using PR-1 expression levels as a marker. All treatments were carried out using 
Cavendish (cv. Williams) banana plants propagated in tissue culture. Cavendish banana plants 
are susceptible to infection with FocSR4 under predisposing conditions (Ploetz, 2006; Van Den 
Berg et al., 2007) but are resistant to Foc1, while Fol is non-pathogenic on banana. Prior to 
treatment, one set of plants was grown in a controlled environment free of the abiotic and 
biotic stresses typically experienced by field grown plants (designated TCS), while a second set 
of plants (designated TCH) were grown under field conditions for 12 wks and thus were 
subjected to abiotic and biotic stresses present in the environment.  
The reaction of the banana plants to challenge with Foc1, FocSR4 and Fol was rapid 
and dramatic and all very different to each other. Treatment with Foc1, which is not 
pathogenic to Cavendish cultivars, resulted in a very high initial increase in the expression of 
PR-1 in the TCH plants at 120 times greater than the baseline level. In contrast, TCS plants 
responded with an increase in PR-1 expression of only 30 times greater than the baseline 
level. These rapid initial increases in PR-1 expression suggested that both TCH and TCS plants 
were responding to the presence of Foc1. Greater response in TCH plants compared to TCS 
plants, suggests that the TCH plants were already ``primed" possibly due to their prior 
exposure to biotic and abiotic stresses when grown in the external environment.  
Treatment with FocSR4, which is pathogenic to Cavendish cultivars under particular 
growing conditions, resulted in an up regulation of PR-1 in the leaves of TCH plants 12 h after 
treatment to levels 80 times greater than the baseline. However, the response of PR-1 in the 
TCS plants treated with FocSR4 was minimal until at 72 hpi when PR-1 levels of approximately 
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20 times greater than the baseline level were obtained. This suggests that the TCH plants 
were initially able to rapidly recognise FocSR4 as a pathogen while TCS plants did not, with 
TCS plants only producing a moderate response three days after treatment. Again, the PR-1 
response shown by the TCH plants to FocSR4 is likely due to prior exposure of these plants to 
biotic and abiotic stresses during growth in the external environment (i.e. priming). This 
results in the up regulation of defence genes in preparation for further pathogen challenge. In 
contrast, TCS plants which had no prior defence induction took a longer time to activate the 
defence responses compared to the TCH plants. It is likely that the mechanism of defence 
induction by pathogenic and non-pathogenic isolates is through different mechanisms. In the 
FocSR4 TCS treated plants, response to the presence of FocSR4 was still moderate at 72 hpi 
suggesting that the plant could only recognise the invading pathogen long after the FocSR4 
had colonised the plant. It is also likely that FocSR4 avoids detection by the plant to allow 
sufficient time for its establishment. Since Foc1 is non-pathogenic to Cavendish, the presence 
of Foc1 thus induces a defence response similar to that observed with Fol a putative inducer. 
It would be interesting, therefore, to study defence responses in Foc1 susceptible cultivars 
such as Lady Finger in TCS and TCH banana plants to determine whether PR-1 expression is 
similar to that observed with the Cavendish banana TCS plants, or whether the response 
mimics the observed PR-1 expression when Cavendish plants are treated/exposed to 
pathogenic FocSR4. 
This study also examined the effect of two putative SAR inducers on PR-1 expression 
levels in Cavendish banana. The first of these was Fol, which causes Fusarium wilt of tomato 
but does not cause disease in banana. The use of non pathogenic microbial isolates in the 
induction of SAR in banana has been reported (Paparu et al., 2008). In this previous study, 
non-pathogenic F. oxysporum isolates were used to stimulate a defence response against the 
nematode, Radopholus similis in one susceptible and one resistant banana cultivar as 
measured by PR-1 gene expression. Following induction of defence responses, PR-1 
expression was up regulated up to 33 days after challenge with R. similis in the susceptible 
cultivars, while the up regulation of PR-1 was not observed in the resistant cultivars. Further, 
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in investigating the efficacy of pretreatment of banana plantlets with rhizobacterial 
(Pseudomonas fluorescence (Pf1 + CHA0)) and endophytic bacterial formulations 
(EPB5 + EPB22 ) for protection against the biotic and abiotic stresses, a 33.33% infection with 
BBTV was observed in the treated plants which was a 60% reduction over the control non 
treated plants. Expression of defence related enzymes as well as pathogenesis related 
proteins was higher in the treated plants than in the non treated ones (Harish et al., 2008). In 
the present study, the treatment of TCS plants with Fol resulted in a significant increase in the 
level of PR-1 expression at 12 hpi, which subsequently decreased at 24 hpi and then rose to 
similar levels (approx. 60 times higher than the baseline level) at 48 hpi. This level of PR-1 
expression was four and eight times higher than that observed when TCS plants were treated 
with Foc1 and FocSR4, respectively. This result suggests that (i) treatment with a putative 
inducer of resistance activated the expression of PR-1 in TCS banana and that putative 
inducers of resistance, for example Fol, could be useful in “biohardening” tissue culture 
banana plants before transfer to the field to protect them against disease causing pathogens 
and (ii) TCS plants are more susceptible to disease since they behave in a similar manner to 
the susceptible cultivar described by Paparu et al. (2008).  
In contrast to Fol treatment in TCS plants, treatment of TCH plants with Fol resulted in 
a low response at 12 hpi which quickly decreased to baseline levels. PR-1 expression in TCH 
plants was in stark contrast to the treatments using Foc1 and FocSR4 where high levels of PR-
1 expression were detected at 12 hpi. This result suggests that TCH plants, which were 
seemingly primed to respond to pathogenic Foc following growth in the external 
environment, could rapidly identify Fol as a non-threat and then moderate their PR-1 
response. Since this study used Cavendish bananas, it would be interesting to study whether 
the responses in both TCS and TCH plants against Fol treatment is the general trend in all 
banana cultivars especially because they have different genome components, particularly if 
the PR-1 expression in TCS plants could be demonstrated to be linked to an improved level of 
disease resistance. Importantly, Fol was shown to be a good candidate for SAR induction in 
Cavendish bananas. 
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BION® has been shown to activate resistance at low application rates in many crops 
against a broad range of pathogens including fungi, bacteria and viruses (Oostendorp et al., 
2001). A synthetic analogue of SA (an important hormone in SAR signalling), BION® has been 
used successfully as a resistance activator in the control of Fusarium wilt of cotton as well as 
in coffee (Oostendorp et al., 2001). In coffee, BION® application to basal leaves resulted in the 
control of coffee rust in the upper leaves with an increase in the levels of β-1,3 glucanases and 
chitinases (both of which are involved in plant defence) one day after treatment (Patrício et 
al., 2008). Further, some of the best levels of disease control were demonstrated on 
dicotyledenous crops, for example, on tobacco, ASM provided 99% control of Pseudomonas 
syringae pv. tabaci 91% control of Cercospora nicotiana, and 89% control of Alternaria 
alternata (Perez et al., 2003). It is important to note that the high efficacy in tobacco was 
using 0.0175 g/L with repeated application every 10 days. In the present study, a one off 
concentration of 0.02 g/L was used since repeated applications were shown to result in 
phytotoxicity in banana during preliminary experiments. However, a one off application at a 
concentration of 0.25 g/L in tobacco resulted in few leaf spots caused by the fungi in the 
treated plants compared to the untreated plants an indication of SAR being activated (Perez 
et al., 2003). In the present study, however, BION® treatment in both TCS and TCH plants did 
not result in any marked increase in the level of PR-1 expression. The level of PR-1 in BION® 
treated plants was 8 to 12 times lower than the levels of PR-1 in plants treated with the either 
Foc races or Fol. This is despite a growing body of research showing that ASM has an efficacy 
of between 4 to 80% under field conditions in 28 out of 32 plant systems studied (Vallad and 
Goodman, 2004). Although resistance activated by BION® In monocots is typically long lasting 
(10 weeks) (Oostendorp et al., 2001), this increased resistance as measured by PR-1 
expression levels was not seen in either the TCS and TCH Cavendish bananas. While this initial 
small study suggests that BION® would not be a useful activator of SAR in TC bananas despite 
its success in many plant systems (Vallad and Goodman, 2004), it is important to note that a 
few studies have advised caution in extrapolating data from dicots to some monocots. For 
example, Arabidopsis PR-1 is responsive to SA application while the wheat homolog PR-1.1 
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does not respond to SA application but instead responds to methyl jasmonate (JA) treatment 
(Lu et al., 2005; Ding et al., 2011). Further work could therefore investigate whether other 
SAR genes are highly expressed following treatment of banana with BION® and whether 
Cavendish banana plants treated with methyl jasmonate show increased expression of PR-1 
and its homologs as observed with wheat. 
This study has demonstrated that Cavendish banana plants exposed to biotic and 
abiotic stresses (as seen in the field hardened plants) prior to Foc1 or FocSR4 challenge had a 
higher PR-1 expression compared to plants that were grown in a controlled environment. This 
suggests that, in TCH plants, some form of induced resistance had been stimulated, thereby 
allowing the early recognition of a potential pathogen and initiation of a defence response (as 
measured using PR-1 expression). However, whether this initial defence response results in 
tolerance/resistance to disease needs to be investigated further in light of previous results 
showing that TC Cavendish bananas were more susceptible to FocSR4 compared to plants 
derived from suckers (Smith et al., 1998). Challenging TCH plants with a pathogen (e.g. 
FocSR4) following their prior inoculation with an inducer of resistance and observation over a 
longer period of time would provide further evidence to support the findings in this study. The 
identification of a SAR inducer for priming TC bananas prior to field planting would be a 
significant outcome for disease control in TC banana.  
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Chapter Six 
6 General Discussion and Conclusions 
 
Cultivated bananas are sterile, parthenocarpic hybrids with the inherent inability to set 
seed resulting in a narrow genetic base (Ortiz et al., 1995). This limits genetic improvement 
through selection and breeding. Bananas are vegetatively propagated through suckers or 
micro propagation with the latter being increasingly adopted by farmers. However, banana 
productivity globally has been severely restrained by diseases like Fusarium wilt (Fusarium 
oxysporum f.sp. cubense), black leaf streak (BLS) and Banana bunchy top virus (BBTV). 
Although FHIA (Honduras Foundation for Agricultural Research) have for many years 
attempted the labour intensive and costly conventional genetic improvement of banana their 
resulting tetraploids have generally not been acceptable to the Cavendish market. The advent 
of genetic modification protocols for banana using Agrobacterium or biolistics (Becker et al., 
2000; Khanna et al., 2004) however offers an opportunity to rapidly incorporate desired traits 
into banana compared to conventional breeding. 
Worldwide, BBTV is the most important viral disease of banana with losses up to 100% 
in infected fields (Thomas and Iskra-Caruana, 2000) and epidemics ongoing in many countries 
in Sub-Saharan Africa (Kumar et al., 2009). Except where strong government regulation and 
enforcement exists, there are presently no sustainable control/prevention strategies for BBTV 
since resistant cultivars are not available. Genetic improvement through stable 
transformation of Cavendish banana cell suspensions with mutated Reps was therefore 
investigated in this study as this approach has been used with moderate success in 
geminiviruses (Lucioli et al., 2003; Prins et al., 2008; Shepherd et al., 2009). In the current 
study, two potentially BBTV resistant banana lines were generated. A significant delay in 
symptom development has been observed in some cases with geminiviruses (Brunetti et al., 
1997; Shepherd et al., 2009), similar to that that observed in this study with the Y79F-10a 
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replicate. In some cases this delay may be sufficient to allow plants to grow substantially prior 
to disease development, however in bananas, a perennial crop, such an observation of 
delayed infection may not be sufficient for adequate field resistance. Despite the generation 
of two potentially BBTV resistant lines, alternative strategies should still be investigated. One 
such option is RNA interference (RNAi). RNAi based virus resistance involves manipulation of 
the host plant’s defence against double stranded (ds)RNA molecules in order to confer 
resistance to a pathogen. RNAi (or post transcriptional gene silencing) essentially stimulates 
the production of dsRNA molecules which induce a sequence-specific RNA degradation 
mechanism and therefore silencing a homologous target sequence (Tamietti et al., 1993). This 
approach has been applied successfully for resistance against Bean golden mosaic virus 
(BGMV) (Noris et al., 1996b; Brunetti et al., 1997) with the plants having 100% resistance to 
the virus under field conditions and the transgenic bean (Phaseolus vulgaris) line 5.1 
undergoing bio-safety trials for future release to the farmers in Brazil. Since the genome of 
geminiviruses is similar to that of the nanoviruses of which BBTV is a member, RNAi therefore 
offers a promising alternative for engineering resistance to BBTV. 
In addition to genetic improvement of banana for disease resistance, disease free 
planting material offers an opportunity for high yields and early maturity ensuring timely 
income returns to farmers (Singh et al., 2011). This has been achieved through the use of 
micro-propagated bananas where, through exclusion of micro-organisms, tissue culture 
coupled with virus indexing ensures farmers and growers have access to clean planting 
material. The adoption of virus indexed micro-propagated bananas all over the world is 
reducing the spread of disease previously perpetuated through the exchange of infected 
planting material when farmers moved infected suckers from one farm to another (Singh et 
al., 2011). However, it has been established that micro-propagated bananas are more 
susceptible to diseases than field grown bananas started from suckers (Smith et al., 1998). 
Field observations in Vietnam also showed that bananas propagated from tissue culture were 
more susceptible to BBTV than field-derived suckers (James Dale, unpublished observation). 
Based on these observations it was hypothesised that field grown plants would have higher 
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levels of systemic acquired resistance (SAR) gene expression than either glass house or tissue 
culture plants. In order to investigate this phenomenon, SAR gene expression in banana was 
investigated by monitoring PR-1 transcript levels in tissue culture, glass house and field grown 
Lady Finger and Cavendish (cv. Williams) banana plants.  
PR gene expression and PR-1 in particular, is used as a marker for SAR (Walters and 
Heil, 2007). The present investigation revealed that PR-1 gene expression in Lady Finger plants 
under the three growth conditions was consistent with the stated hypothesis; however, 
Cavendish glass house plants had the lowest PR-1 expression compared to field grown and 
tissue culture plants from the same cultivar. The basis for the low levels of PR-1 in glass house 
Cavendish plants is unknown. One possibility is that since the plants in the glass house were 
exposed to much less stress compared to field plants, the plant’s defence responses were not 
activated and therefore the low expression of PR-1 was observed. This has been supported by 
several authors who presume that (i) plants in the field are already induced against abiotic 
and biotic stress and thus are more likely to resist pathogens compared to plants that are in 
controlled conditions where stresses are present to a very small extent (Hammerschimdt, 
1999; Walters, 2009) and (ii) since there are costs and trade-offs in induced resistance, the 
non threatened plants (as in the case of the glass house plants) redirect the resources to other 
functions like growth and increase of biomass in the system away from defence gene 
expression (Walters and Heil, 2007). Additionally, the low expression of PR-1 in the glass 
house plants was considered of importance during the induction of PR-1 using chemical and 
biological agents and therefore glass house plants were used to investigate whether PR-1 
expression would be enhanced in plants with very low baseline expression. In the case of 
tissue culture Cavendish samples that had high PR-1 expression, further work is warranted to 
investigate the reason for the high levels of PR-1 compared to the glass house samples which 
is contrary to the hypothesis. 
The outcome of this investigation also suggests that PR-1 is present in both Cavendish 
and Lady Finger banana plants in low quantities but possibly accumulates to high levels when 
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the plant is sufficiently threatened by invading pathogens in the environment. This outcome 
was further investigated when tissue culture Cavendish bananas acclimatised in the field 
(TCH) and glass house (TCS) were inoculated with host-specific and non-pathogenic isolates of 
Fusarium oxysporum f.sp. cubense Race 1 and 4 (Foc1 and FocSR4 respectively), as well as two 
putative inducers of resistance; Fusarium oxysporum lycopersici (biological) and BION® 
(chemical).  
SAR is naturally activated by exposure of the plant to virulent, avirulent or non-
pathogenic microbes but can also be artificially triggered by the use of chemicals like BION® 
(Sticher et al., 1997). Therefore, harnessing the plant’s ability to employ defence responses by 
either prior exposure to non pathogenic isolates of a disease causing agent or a chemical 
inducer of resistance would contribute to integrated disease management approaches to 
banana diseases (Viljoen, 2010). Based on the plant and the elicitor, the time required for the 
establishment of SAR is correlated to the accumulation of PR protein transcripts and the 
accumulation of salicylic acid (SA) and thus development of SAR (Cameron et al., 1994; Vallad 
and Goodman, 2004). PR-1 is a marker of SAR that is up-regulated together with other PR 
genes following exposure to biotic and abiotic stresses leading to general and non-specific 
resistance to fungi, bacterial and viral pathogens (Zhang et al., 2003). In this investigation, the 
field hardened plants treated with Foc1 and FocSR4 had higher accumulation of PR-1 
transcripts following inoculation compared to the glass house acclimatised plants which had a 
moderate to very low accumulation of the transcripts. This outcome suggests that prior 
exposure of banana plants to field conditions primes the plant to activate defence responses 
faster and therefore would already be induced compared to either the glass house and in vitro 
plants (Walters, 2009).  
Treatment with the putative inducers had no effect on the field hardened plants but a 
higher accumulation of PR-1 transcripts in the glass house plants following inoculation with 
Fol further proved that plants in the field are already induced and therefore did not 
accumulate PR-1 transcripts compared to the glass house plants that accumulated PR-1 
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following exposure to the putative inducer of resistance. This observation was also made with 
tissue culture banana plantlets pre-treated with rhizobacteria and endophytic bacteria 
mixtures before transplanting to the field. In the treated plants, there was a marked increase 
of defence related enzymes and pathogenesis related genes as well as reduced susceptibility 
to BBTV compared to the non treated controls (Harish et al., 2008).  
Although treatment of plants with BION® for induction of resistance has been shown to 
be successful in many plant systems, in this investigation, BION® had no effect on the PR-1 
transcript levels in field and glass house grown Cavendish bananas. In contrast, out of 32 field 
trials on 12 diverse crops, BION® offered protection to 28 of them in the range of 4 to 80% 
against disease (Vallad and Goodman, 2004). Among the monocots, successful control of 
powdery mildew and leaf rust was observed in wheat during field trials (Gorlach et al., 1996) 
while in a more recent study, different classes of PR proteins, including PR-1, were detected 
48 hours following treatment with BION® in flue-cured tobacco under green house conditions. 
BION® was also shown to restrict Tomato spotted wilt virus (TSWV) replication and movement 
thus reducing infection (Mandal, 2008)  Induction of resistance by BION® is not successful in all 
plant systems and has been shown to have limited effect in leguminous plants (Vallad and 
Goodman, 2004). Based on the results obtained in this study, BION® was found to be 
unsuitable as a resistance inducer in Cavendish bananas. It would however be interesting to 
study the effect of a combination of both biological and chemical inducers of resistance in 
banana. 
This study investigated the expression of only one gene in the SAR cascade and it 
would be worthwhile to study the expression of genes upstream of PR-1, for example EDS1, 
EDS5 and NPR1, which have been demonstrated in other studies with Arabidopsis (Glazebrook 
, 2005). Additionally, other pathogen related genes that have been shown to be expressed 
together with PR-1 during induced resistance could be investigated and their potential to be 
engineered into crops for increased resistance explored. Consequently, as a first hand defence 
to pathogens, it may be beneficial to acclimatise tissue culture plants in field conditions where 
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they are sufficiently exposed to inducers of resistance and would therefore be primed to deal 
with subsequent pathogen attack. There is great potential in investigating this finding at a 
larger scale as it offers a cost effective disease control strategy to the banana growers, 
majority of who are small scale farmers. This would enable the full exploitation of tissue 
culture as planting material by farmers in developing as well as incorporating a successful 
disease control strategy.  
In conclusion, this study investigated a specific and a general approach for 
incorporation of disease resistance in banana. Transgenic resistance strategy to BBTV using 
the mutated Rep approach was utilised. Although two promising lines were obtained using 
this approach, further work is recommended using the same and other pathogen derived 
strategies like RNAi which have been shown to be successful in several plant systems against 
geminiviruses. In the second strategy, the molecular basis of SAR (a general strategy), in 
bananas was investigated and its potential induction for conferring resistance against fungal, 
viral and bacterial pathogens of banana as well as pests and nematodes was investigated. The 
SAR marker gene PR-1 was shown to be present in both Lady Finger and Cavendish cultivars 
with the lowest expression of this gene found in glass house Cavendish bananas. Further, field 
hardened glass house Cavendish bananas were shown to accumulate high levels of PR-1 
following treatment with host specific pathogenic and non pathogenic isolates of Foc. On the 
other hand, glass house bananas had low expression of PR-1 following treatment with the 
same agents but very high expression when treated with Fol which is non host and non-
pathogenic to banana. Interestingly, BION® which has been used successfully in numerous 
plant systems to induce resistance did not have an effect in both groups of bananas.  
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